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Foreword to the Second Edition 


The Atomic Energy Commission, at the request of the American Textbook 
Publishers Institute, sponsored the first edition of the Sourcebook on Atomic 
Energy written by Dr. Samuel Glasstone and published in 19oQ. The world¬ 
wide acceptance of the book has fully justified the original expectations that 
it would provide a source of basic atomic energy information for readers with 
many different interests. About 50,000 copies of the English language edition 
have been sold and the book also has been translated into several foreign 
languages. Its use in schools, colleges and universities has made it a significant 
contribution to education in atomic science. 

The fund of knowledge in the field of nuclear energy has increased rapidly 
since 1950. Therefore, in keeping with the Commission's policy to distribute 
information as broadly as possible, Dr. Glasstone was requested to prepare 
this revised edition. 

As in the case of the first edition, the staff of the Commission has assisted 
in the provision of material for inclusion in the book, but its presentation 
and scientific evaluation are wholly the work of its distinguished author, 
Dr. Glasstone. 



CHAIRMAN, UNITED STATES ATOMIC ENERGY COMMISSION 
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Foundations of the Atomic Theory 

s 

Chapter I 


THE ATOMIC CONCEPT 


Early History of the Atom 

1.1. The broad concept of the 
atomic structure of matter can be 
traced back some 2500 years to the 
scholars of ancient Greece, and even to 
the Hindu philosophers of a still earlier 
age. In the fifth century b.c., Leucip¬ 
pus and his pupil Democritus, as found¬ 
ers of the Greek school of atomists, 
taught that all material things were 
made up ultimately of small, indi¬ 
visible units which Democritus called 
atoma (atoms) .* Although these teach¬ 
ings were supported by Epicurus, 
whose ideas were elaborated at length 
by Lucretius in his famous Latin poem, 
De Rerum Natura (Concerning the 
Nature of Things), during the early 
part of the first century b.c., the 
considerations made little headway, 
largely because of the objections of the 
influential Greek philosopher Aristotle 
(384 to 322 b.c.) . Thus, atomistic 
concepts lay dormant for several hun¬ 
dred years, until they were revived in 
the active period of learning which 
followed the Renaissance in Europe. 
During the sixteenth and seventeenth 
centuries after Christ, philosophers 

* The term atom , derived from two 
thing that is not divisible. 


and scientists, such as Galileo Galilei 
in Italy, Rene Descartes in France, 
and Francis Bacon, Robert Boyle and 
Isaac Newton in England favored the 
view that matter was not continuous 
in nature but was made up of ultimate 
particles or atoms. 

Dalton and the Atomic Theory 

1.2. It was not until the nineteenth 
century, however, that the work of the 
chemist transformed the atom from a 
somewhat vague philosophical idea to 
a material reality, while the discov¬ 
eries of the physicist laid the founda¬ 
tion for the development during recent 
years of a remarkable body of detailed 
knowledge concerning its internal 
structure. 

1.3. Credit for originating the mod¬ 
ern atomic theory is usually given to 
the English schoolteacher John Dal¬ 
ton, who became interested in the sub¬ 
ject as a result of his investigations of 
the solubilities of gases in water and 
other liquids. The part he played in the 
development of the theory, although 
of the greatest importance, is fre¬ 
quently misunderstood. In writing of 


Greek words, a (not), temnein (to cut), implies some- 
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Dalton 1 ! contribution, tho German 
physical chemist W. Ncrnst stated 
that “by one effort of modern science, 
[it] arose like a phoenix from the 
ashes of the old Greek philosophy.” 
That this is a misconception can be 
proved by a quotation from Dalton’s 
New System of Chemical Philosophy, 
published in 1808, in which he dis¬ 
cussed in detail his ideas concerning 
the atom as the unit of chemical struc¬ 
ture. 

1.4* In considering the existence of a 
substance such as water in gaseous 
(steam), liquid and solid (ice) states, 
Dalton said: “the observations have 
tacitly led to the conclusion which 
seems universally adopted, that all 
bodies of sensible, magnitude . . . are 
constituted of a vast number of ex¬ 
tremely' small particles, or atoms of 
matter bound together by a force of 
attraction.” The phrase “which seems 
universally adopted” is significant, for 
it implies that the atomic concept of 
matter was already widely accepted. 
It has been suggested that Dalton was 
indebted to Newton, whose works he 
probably studied, for in his notes of a 
lecture delivered at the Royal Insti¬ 
tution, London, in January 1810, he 
remarked: “Newton had demonstrated 
clearly . . . that an elastic fluid [i.e., 
a gas] is constituted of small particles 
or atoms of matter.” 

1.5. There is no doubt, also, that the 
contemporary Irish chemists, Bryan 
Higgins (1737-1820) and his nephew 
William Higgins (1769-1825), had ex¬ 
pressed themselves very clearly on the 
subject of combination by atoms some 
years prior to Dalton. Why then is the 
latter regarded as the founder of the 
atomic theory? The answer lies in the 
fact that John Dalton made the theory 
quantitative. By showing how the 
weights of different atoms relative to 
one another could be determined, he 
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introduced a feeling of reality into n 
purely abstract idea. In a paper sub¬ 
mitted to the Literary and Philosophi¬ 
cal Society of Manchester, England, in 
October 1803, Dalton wrote: “An 
enquiry into the relative weights of the 
ultimate particles [atoms] of bodies 
is a subject, so far as I know, entirely 
new. I have lately been prosecuting 
this enquiry with remarkable success.”’ 
Most of his weights were subsequently 
proved to be erroneous, but Dalton 
sowed the seed which grew, where 
others had previously merely turned 
over the soil. 

1.6. In the Lowell Lectures on Sci¬ 
ence in the Modem World, delivered at 
Harvard University in 1925, the Anglo- 
American philosopher and mathema¬ 
tician A. N. Whitehead said: “In 
considering the history of thought, it 
is necessary to distinguish the real 
stream, determining a period, from the 
ineffectual thoughts casually enter¬ 
tained. In the eighteenth century 
every well educated man read Lu¬ 
cretius and entertained ideas about 
atoms. But John Dalton made them 
efficient in the stream of science; and in 
the function of efficiency atomicity was 
a new idea.” The atomic theory of the 
classical thinkers was somewhat in the 
nature of a vague philosophical specu¬ 
lation, but the theory as enunciated by 
Dalton was much more specific. It 
provided an explanation or, at least, an 
interpretation of many chemical facts 
and, of greater consequence, it acted as 
a guide to further experimentation and 
investigation. 

1.7. From the time of Dalton the 
atomic hypothesis has played an in¬ 
creasingly important role in science, 
first in chemistry and later in physics. 
It is true that a few scientists, some of 
them men of influence like the German 
physical chemist Wilhelm Ostwald, 
doubted the existence of atoms, but by 
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the early years of the present century 
even these objectors were converted. 
Today the arguments in favor of the 
atomic structure of matter are so nu¬ 


merous and convincing that the con 
cept is universally accepted as an es 
tablished fact rather than a theory.* 


THE CHEMICAL ELEMENTS 


The Four-Element Theory 

1.8. While the atomiq concept was 
undergoing development, another 
important principle, also based on 
Greek philosophy, was being refined in 
the fire of successive generations of the 
human mind. In contemplating the 
make-up of the universe, Empedocles, 
in the fifth century b.c., entertained 
the idea that all matter was composed 
of four “elements,” namely, fire, earth, 
air and water. It is probable that in 
this respect also, as with the atom, the 
ancient Hindu thinkers had antici¬ 
pated the Greeks, but our present 
views stem more directly from the 
latter than from the former. Having 
the influential support of Aristotle and 
others, the four-element theory was 
widely accepted for more than two 
thousand years, in spite of a consider¬ 
able degree of vagueness concerning its 
actual implications. 

1.9. Some scholars undoubtedly re¬ 
garded the elements as referring to 
material earth, air, fire and water, 
while others thought of them more in 
the nature of principles or represen¬ 
tations of physical attributes. Aris¬ 
totle, for example, envisaged all matter 
as consisting of one primordial sub¬ 
stance which he called hyle (stuff or 
material) ;f and this could acquire 
varying amounts of the four qualities, 
or “principles,” hot, cold, dry and 


moist. Thus air was hot and moist, 
water was cold and moist, fire was hot 
and dry, and earth was cold and dry. 
The difference between one material 
and another was regarded as due to 
variations in the primal qualities, but 
the fundamental matter was always 
the same. 

1.10. It is apparently on this inter¬ 
pretation of the four-element theory 
that the ancient alchemists based their 
vain efforts to change common metals 
into gold. For hundreds of years all at¬ 
tempts to bring about transmutation 
met with complete failure, although at 
the present time, thanks to the ac¬ 
cumulated knowledge concerning the 
behavior of atoms, the deliberate 
change of one element into another is a 
daily occurrence in many laboratories 
(Chapter X). 

Elements and Compounds 

1.11. Although the Aristotelian the¬ 
ory was widely accepted, even as late 
as the seventeenth century, doubts 
began to develop concerning its ability 
to account for the nature of different 
forms of matter. Some of the strongest 
obj ections were expressed by the Irish- 
born Robert Boyle in a book entitled 
The Sceptical Chymist, published in 
London in 1661. In this book he gave 
his own interpretation of an element; 
thus, he wrote: “I mean by elements, 


* A fact may he defined as something for the actual existence of which there is definite 
evidence. A theory or hypothesis, on the other hand, is a purely conceptual attempt to ex¬ 
plain or interpret known facts. While facts are presumably established and unalterable, a 
theory may be altered or discarded if it proves to be inadequate. 

t In later years, this was changed, possibly by Roger Bacon in the thirteenth century, to 
prolyle, from protos and hyle, meaning the first or primal matter. 
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hr those ohymists that apeak plainest 
do by their principles, certain primi¬ 
tive and simple, or perfectly iminm- 
gle£ bodies; which not. being made of 
any other bodies, or of erne another, are 
the ingredients of which . * . mixt 
bodies are immediately compounded, 
and into which they are ultimately 
resolved . . I must not look upon 
any body as a true principle or ele¬ 
ment . . . which is not perfectly 
homogeneous, but is further resolvable 
into any number of distinct sub¬ 
stances, how small soever.” 

1 . 12 . It has been argued that the 
foregoing concept of an element was 
not original with Boyle, and some sup¬ 
port for this contention may be found 
in his parenthetical remark, “as those 
chymists that speak plainest do 
[mean] by their principles,” near the 
beginning of the quotation given 
above. Be that as it may, the fact re¬ 
mains that Boyle did express clearly 
the basic ideas from which developed 
the modern view concerning the nature 
of an element. However, more than a 
century was to elapse before these 
ideas had any real influence on scien¬ 
tific thought. It was only after the 
French chemist A. L. Lavoisier proved 
in 1774 that air was not a simple 
elementary substance, but a mixture 
of at least two different gases, now 
called nitrogen and oxygen, and after 
the work, in 1781, of Joseph Priestley 
arid of Henry Cavendish, in England, 
established the fact that water was 
compounded of hydrogen and oxygen, 
that the four-element theory was fi¬ 
nally abandoned. In its place, Lavoi¬ 
sier established, in 1789, the modern 
concept of an element, thus: “We 
apply the term elements ... to bod¬ 
ies to express our idea of the last point 
which analysis is capable of reaching.” 
An element was thus regarded as a 
substance containing, as far as was 
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known, only one kind of matter, and 
which could not be split up in any 
known way into anything simpler. 

1.13. On this basis, Lavoisier sub¬ 
stituted for the four elements of the 
Greek philosophers a list of thirty- 
three elementary substances, of which 
more than twenty are still regarded as 
elements even to this day. By 1819, 
the Swedish chemist J. J. Berzelius had 
increased the number of elements to 
fifty, and at the present time ninety 
different elements are definitely known 
to exist on the earth, while several more 
have been obtained by other means, as 
will be explained in Chapter XVI. All 
material things contain at least one of 
these elements, and when two or more 
elements unite with one another, by 
the process referred to as chemical 
combination, the resulting product is 
known as a compound . 

Definition of an Element 

1.14. Until the beginning of the 
present century a chemical element 
would have been defined simply as a 
form of matter which could not be split 
up into other forms of matter. Now, 
with the discovery of the phenomena 
of radioactivity, accompanied by the 
spontaneous change of one element 
into another (Chapter V), and the de¬ 
velopment of various means of bring¬ 
ing about transmutation and disinte¬ 
gration of numerous elements (Chapter 
IX), it is not easy to give such a pre¬ 
cise definition. It will be seen, in suc¬ 
ceeding chapters, that these processes, 
whether spontaneous or brought about 
by artificial means, are associated with 
very large amounts of energy. Chem¬ 
ical reactions, on the other hand, in¬ 
volve energy changes of a much lower 
order of magnitude. It is thus possible 
to describe an element as a form of 
matter which cannot be decomposed 
into (or be produced from) simpler 
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forms of matter by means of chemical 
reactions, that is, by reactions asso¬ 
ciated with relatively small amounts 
of energy. In spite of the Bomewhat 
vague character of this definition,* 
there is never any doubt at the present 
time concerning the elementary or 
compound nature of a material. Nu¬ 
merous tests, now available, based on 
characteristic physical prbperties, such 
as the optical spectrum, mass spec¬ 
trum and X-rays, permit elements to 
be distinguished and identified. 

1.15. The atom may now be defined 
as the smallest possible or ultimate 
particle of an element, each element 
having its own characteristic atoms. 
As will be seen in Chapter IV, the 
atom itself has an internal structure 
and can be split up into subatomic 
particles. But these particles, most of 
which are electrical in nature, do not 
have the characteristic properties of 
the element. In the sense that the 
identity of the element is to be re¬ 
tained, the atom may therefore be re¬ 
garded as indivisible. 

Symbols and Formulas 

1.16. In order to represent pictori- 
ally the building up of compounds 
from elements, Dalton introduced a set 
of symbols for the atoms. Thus, an 
atom of oxygen was indicated by a 
circle, one of hydrogen by a circle with 
a central dot, and a nitrogen atom was 
represented by a circle with a vertical 


fine through it. This type of formula¬ 
tion was not only somewhat cumber¬ 
some when compounds were being con¬ 
sidered, but the discovery of each new 
element presented the problem of in¬ 
venting an appropriate symbol. The 
difficulty was overcome by Berzelius 
who devised the method which forms 
the basis for the symbolic representa¬ 
tion of elements and compounds in 
use at the present day. 

1.17. In his treatise On the Theory 
of Chemical Proportions (Paris, 1819), 
Berzelius proposed that “chemical 
symbols should be letters of the alpha¬ 
bet, in order to be easily drawn and 
printed without disfiguring the text,” 
and that “the initial letter [or letters] 
of the Latin name of each element” 
should be used for this purpose. Con¬ 
sequently, oxygen (oxygenium) was 
symbolized by (), hydrogen (hydroge- 
nium) by H, copper (cuprum) by Cu, 
gold (aurum) by Au, silver (argen¬ 
tum) by Ag, and so on.f The symbol, 
or formula , as it is generally called, of 
a compound is then obtained by com¬ 
bining the symbols for the appropriate 
elements, with subscripts to indicate 
the numbers of atoms present. Thus, 
the formula for water, which involves 
a chemical union of two atoms of hy¬ 
drogen with one of oxygen, is H 2 0; 
sulfuric acid, containing two atoms of 
hydrogen, one of sulfur and four of 
oxygen, has the formula H 2 SO 4 , and 
so on. 


THE DETERMINATION OF ATOMIC WEIGHTS 

Dalton’s Atomic Weight System j j)alton’s most significant contribution 
1.18. As mentioned earlier, perhaps | to the atomic theory was his attempt 

* An element may be defined more precisely as a form of matter all the atoms of which 

have the same nuclear charge (Chapter IV). . f ^ __ n+ v ipr 

tSome symbols, e.g., 0 and H, were obtained from Latinized names of French or other 
origin. The complete list of modern symbols for the elements is given in $ 1.67. 
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to determine the relative masses or 
weights* of atoms. The actual atoms 
are, of course, much too small to be 
weighed directly, and so it is con¬ 
venient to express their weights rela¬ 
tive to that of a specified atom. For 
this purpose Dalton chose the atom of 
hydrogen, the lightest atom known to 
him and, as it happens, the lightest of 
all the elements. Hence, to the hy¬ 
drogen atom was ascribed a weight of 
unity, and the weights of other atoms 
were then recorded in terms of that of 
the hydrogen atom. 

1.19. The actual procedures for ob¬ 
taining the relative atomic weights 
were then based on certain postulates 
concerning the nature of atoms and 
their mode of combination. The fol¬ 
lowing quotations from Dalton’s New 
System 1 of Chemical Philosophy , men¬ 
tioned earlier, give the arguments in 
his own words. 

“Whether the ultimate particles of 
a body, such as water, are all alike, 
that is of the same figure [i.e., size 
and shape], weight, etc., is a question 
of somfe importance. From what is 
known, we have no reason to appre¬ 
hend a diversity in these particulars: 
if it doe's exist in water, it must equally 
exist in the elements constituting 
water, namely, hydrogen and oxygen. 
Now it is scarcely possible to conceive 
how the aggregates of dissimilar parti¬ 
cles should be so uniformly the same. 

. : . Therefore we may conclude that 
the ultimate particles of all homogene¬ 
ous bodies are perfectly alike in weight, 
figure, etc. In other words, every [ulti¬ 
mate] particle of water is like every 
other particle; every [ultimate] par¬ 
ticle of hydrogen is like every other 
particle of hydrogen, etc. . . . 


“Chemical analysis and synthesis go 
no further than to the separation of 
particles from one another, and to their 
reunion. No new creation or destruc¬ 
tion of matter is within the reach of 
chemical agency. ... All the changes 
we can produce consist in separating 
particles that are in a state of cohesion 
or combination, and joining those that 
are previously at a distance. . . . 

“If there are two bodies, A and B, 
which are disposed to combine, the 
following is the order in which com¬ 
binations may take place, beginning 
with the most simple: namely, 1 atom 
of A + 1 atom of B [= AB] . . . , 1 
atom of A + 2 atoms of B [= AB 2 ] 

. . . , 2 atoms of A + 1 atom of B 
[= A 2 B], etc.” 

1 . 20 . Stated briefly, Dalton’s con¬ 
clusions were threefold: that the ulti¬ 
mate particles of a given pure sub¬ 
stance, whether element or compound, 
are alike in size, shape and weight; that 
chemical reaction does not cause any 
change in the nature of atoms but 
results merely in their rearrangement; 
and, that combination between atoms 
takes place in the ratio of the simplest 
numbers, preferably AB, then AB 2 , 
and so on. If, as Dalton supposed, the 
atoms of a given element are all alike 
and are unchanged by chemical action, 
then the relative weight of the atom, 
as determined from the analysis of a 
compound, should have a definite and 
constant value. While the actual de¬ 
termination of relative atomic weights 
made use of the third of the postulates 
stated above, the results could have no 
significance without the first two. 

1 .21. The procedure used by Dalton 
may be illustrated by reference to his 
estimate of the atomic weight of oxy- 


* Although mass and weight are treated here as synonymous, it is, strictly speaking, neces¬ 
sary to make a distinction. Mass is a measure of the quantity of matter in a body, while 
weight is the force exerted by the body, under the influence of gravity. It has become the 
practice to speak of “atomic weights” although “atomic masses” would perhaps be more 
accurate. 
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aen At the time only one compound 

of oxygen with hydrogen— water—was 

known, and so Dalton, in 
with the principles he enunciated, as 
sumed it to have the simplest possible 
composition, namely, the combination 

Tone- atom of hydrogen with one of 
nvvm ™ i.e. HO. Upon analysis he 
found that water consisted of one pari 
by weight of hydrogen and seven 
liter shown to be eight—parts by 
weight of oxygen. It followed, the - 
fore that if the weight of hydrogen is 
taken as unity, the relative atomic 1 
weight of oxygen should be seven ac¬ 
tually eight. That is to say, the weig 
Q f a s i n gle atom of oxygen, according 
t Dalton, was seven-.ctnally e.ght 
—times that of a single hydrojn | 
atom. Similarly, by assuming the for 
mula of ammonia to be N ’ 

atomic weight of nitrogen appeared to 

be five—more accurately 4.7—ielat,i 
to that of hydrogen. 

Combining ob Equivalent 
Weights 

1 22. Apart from the errors in Dal- | 
ton’s experimental work, several of his 
atomic weights, such as those of oxy- 
gen and nitrogen given above, were 
incorrect. The reason for the discrep¬ 
ancies lay in the fact that he postu¬ 
lated simple formulas of the type AB 
such as, HO for water and 
ammonia, were erroneous, water is 
now known to be properly represente 
by H<0 and ammonia by NHg. W 
Dalton determined was, m general, the 
combining weight or equivalent 
of an element, that is, the weight of 
the element which combines with or 
replaces—that is, is equivalent ^o— 
one part by weight of hydrogen. 

1 23. If the formula of the com 


pound under consideration is actually 
HX as is the case, for example, when 
X is the element chlorine, then the 
atomic and combining weights au 
identical. In other instances, however, 
the atomic weight is a simple multiple 
of the equivalent weight. It can be 
readily seen that this multiple must 
be the same as the number of atoms of 
hydrogen which unite with, or replace 
one atom of the given element. Thus 
since the formula of water is H a O, and 
two atoms of hydrogen combine with 
one of oxygen, the atomic weight of 
oxygen is exactly twice the equivalent 
weight. If, therefore, Dalton had used 
the correct formula for water, he would 
have arrived at an atomic weight oi 

Sseven,i,.,I4,r^tivetohy^- 

[gen, which is in fair agreement mth 

the more accurate value of 16. Sum 
larly if he had known that ammonia 
was XII,, the atomic weight of mtro- 
g en would have been given as three 
times five, i.e., 15, not very different 
from the accepted atomic weigh 
approximately 14. 

The Atomic Weight Scale 
1 24 It is evident from the figures 

just cited that Daiton’s expenmen^l 
work was not too reliable. One of the 
I factors responsible was his choice of 
hvdrogen as the basis of comparison 
for atomic weights. In the first P 
relatively few elements 
pounds with hydrogen, and these a 
not easy to analyze; in the second 
mace on account of the lightness of 
hvdrogen, a small error m weighing 
to a large over-all dlBorep^y. 
Since most elements combine with oxy 
am the atom of which is about six 
, teen times as heavy as that of hydro¬ 
gen Berzelius used oxygen as the 


(§1.24). 
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standard, assigning to it an arbitrary 
combining weight of 100. Later there 
was a return to the Daltonian system 
and the weight of the atom of oxygen 
was then found to be very close to 16, 
in comparison with unity for hydro¬ 
gen. Because of its practical value, as 
indicated above, chemists therefore 
agreed to take the atomic weight of 
oxygen, as it occurs in the air, to be 
exactly 16.0000, and its equivalent 
weight to be 8.0000; this is still the 
basis of modern chemical atomic and 
equivalent weights.* The atomic 
weight of hydrogen on this scale is now 
known to be 1.0080, rather than 
exactly unity. 

Atomic and Equivalent Weights 

, 1.25. In Dalton’s time the principles 
of quantitative chemical analysis were 
not well understood, and the precision 
balance had not been developed, so 
that combining weights of a high or- 

I 
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der of accuracy could not have been 
expected. With improvements in the 
techniques and methods of analytical 
chemistry during the first half of the 
nineteenth century, there became avail¬ 
able increasingly exact values of the 
combining or equivalent weights of 
many elements, for which J. J. Ber¬ 
zelius, in Sweden, and J. S. Stas, in 
Belgium, were largely responsible. 
Before these could be converted into 
atomic weights there still existed the 
problem of finding for each element 
the integer by which the equivalent 
weight was to be multiplied. In this 
connection, Berzelius obtained guid¬ 
ance from the law of isomorphism^ 
proposed by his German pupil E. 
Mitscherlich in 1819, as well as from 
the law of the constant heat capacity 
of atoms:): discovered in the same year 
by the French scientists P. L. Dulong 
and A. T. Petit. 


ATOMS AND MOLECULES 


Early Developments 

1.26. A fundamental postulate, 
which would have been of inestimable 
value in the early attempts at deter¬ 
mining atomic weights, had been pro¬ 
posed independently by the Italian 
physicist Amadeo Avogadro in 1811, 
and some three years later by A. M. 
Ampere, for whom the unit of electric 
current is named. Unfortunately, the 
concepts involved were not too clearly 


expressed nor too well understood until 
1858, when Stanislao Cannizzaro, in 
his Sketch of a Course of Chemical 
Philosophy as given in the University 
of Genoa, clarified and explained the 
significance of the ideas of his fellow 
countryman, Avogadro, published more 
than forty years earlier. 

1.27. In order to appreciate the cir¬ 
cumstances at that time, it is necessary 
to consider the distinction between 


*The reasons for the qualifications “as it occurs in air/* applied to oxygen t ami “chemical/ 1 
applied to atomic weight, will be given in 5 8.61. 

t According to this law* isomorphous substances, i.e., substances which form crystals of 
similar shape, having similar chemical properties can usually be represented by analogous 
formulas, e.g.. Cu*S and AgaS, Fc^Gi and AbO*. The valence of mi element, i.e>, the ratio of 
the atomic weight to Ilia equivalent weight, can be derived from the formula of an appro¬ 
priate compound, 

t The product of the atomic weight and the specific heal lain approximately t in- name veiIuh 
for most solid elements. The specific heat can bo readily meiuiureil, and lumen a rough atomic 
weight cun bo ostium Led, The accurate value can then bo obtained from the combining 
weight. 
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atom and molecule * In the early years 
of the nineteenth century no very clear 
differentiation was made. Dalton, for 
example, occasionally used the term 
molecule as synonymous with his ulti¬ 
mate particle or atom. Further, he did 
not discriminate between the particles 
of an element and those of a compound; 
he referred to both types as “atoms.” 
Avogadro, on the other hand, went to 
the other extreme; he did not use the 
term atom, but applied the general 
name of “molecule” to various parti¬ 
cles. However, a careful reading of 
Avogadro’s writings shows that he dis¬ 
tinguished between three different 
types of molecules, although the dis¬ 
tinction is implicit rather than ex¬ 
plicit. There is little doubt that the 
situation was clear in Avogadro’s mind, 
but it is not so certain that his views 
were expressed plainly enough to be 
grasped by his contemporaries. In the 
succeeding decades, efforts were made 
to define the terms “atom” and “mole¬ 
cule,” particularly by the French sci¬ 
entists A. M. Gaudin (1833), A. M. 
Ampere (1835), A. Laurent (1846) and 
C. L. Gerhardt (1856). It was Can¬ 
nizzaro’s logical development of the 
consequences of the distinction be¬ 
tween these quantities that resulted in 
the opening of a new era in the deter¬ 
mination of atomic weights. 

1.28. A molecule may be defined as 
the smallest particle of any substance 
—clement or compound—as it nor¬ 
mally exists. A molecule of a com¬ 
pound always contains atoms of two or 
more elements; thus, a molecule of 
water is represented by H 2 O, because 
it consists of two atoms of hydrogen 
and one of oxygen. Since an atom of 
an element is indivisible, it is not pos¬ 


sible for a molecule to contain less 
than one atom of any element. Hence, 
for the present purpose, an atom may 
be regarded as the smallest portion of 
an element that can be found in a 
molecule of any of its compounds. Al¬ 
ternatively, an atom is described as the 
smallest particle of an element that 
can enter into chemical combination. 
It is no longer permissible to speak of 
an “atom of a compound,” or of a 
“compound atom,” as Dalton did; the 
ultimate particle of a compound is the 
molecule. If such a molecule were 
further subdivided it would break up 
into the atoms of its constituent ele¬ 
ments, and hence would cease to be a 
compound. 

Atoms and Molecules 
of Elements 

1.29. One further point remains to 
be clarified, namely, the distinction 
between the atom and molecule of an 
element. The atom is the smallest 
conceivable particle of an element, as 
well as the smallest portion that can 
take part in chemical combination. 
However, it is not necessarily the 
smallest unit that can normally exist 
as such; it is the latter which is the 
molecule of the element.f Consider, 
for example, the element oxygen, the 
gas which constitutes about one fifth 
of the air. The atom would be repre¬ 
sented by the symbol O, but the mole¬ 
cule, as present in the atmosphere, is 
made up of a combination of two such 
atoms and hence is 0 2 . It is true that 
by the use of high temperatures or by 
means of an electrical discharge some 
of the molecules could be split up into 
two atoms, but as soon as normal con¬ 
ditions were restored the atoms would 


* From llio diminutive of tlie Latin word moles (mass); hence, molecule means a small 
muss. 

t Avogadro referred to the atoms of elements us “molecules (Momentaims,” and the mole¬ 
cules of elements he called “moldculoH constituuntes.” Molecules of compounds he termed 
"moldoulcs intdgrantes." 
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reunite in pairs to form molecules. 
Single atoms of oxygen tend to com¬ 
bine chemically with other atoms; if 
two atoms of oxygen interact with one 
another the result is an oxygen mole¬ 
cule, but if one atom of oxygen unites 
with two atoms of hydrogen the result 
is a molecule of water. 

1.30. Under ordinary conditions of 
temperature and pressure, most ele¬ 
ments, at least those which are gases, 
such as oxygen, hydrogen, nitrogen 
and chlorine, form diatomic molecules, 
that is to say, the molecule contains 
two atoms. There are, however, some 
important elements, often referred to 
as the “inert gases of the atmosphere,” 
for which the atom and the molecule 
are identical. The element helium, for 
example, as it occurs in the atmosphere 
and in certain natural gases, consists of 
single atoms and these may equally 
correctly be described as molecules. 
Thus, helium is said to be a monatomic 
gas. The atoms of helium, and of its 
related gases neon, argon, etc., are so 
inert that they will neither unite with 
one another nor with the atoms of 
other elements. 

Avogadro’s Law 

1.31. Bearing in mind the correct 
significance of the term molecule, the 
law of Avogadro states that under the 
same conditions of temperature and 
pressure equal volumes of different 
gases contain equal numbers of mole¬ 
cules.* The density of a gas is defined 
as the weight of a given volume, say 1 
liter, and hence is equal to the weight 
of the molecules contained in that vol¬ 
ume. But, since for different gases, 
this definite volume always includes 
the same number of molecules, it fol¬ 


lows that the density of a gas is directly 
proportional to the weight of its indi¬ 
vidual molecules. In the words of 
Avogadro: “Setting out from this hy¬ 
pothesis [as stated above], it is appar¬ 
ent that we have the means of deter¬ 
mining very easily the relative masses 
of the molecules of substances obtain¬ 
able in the gaseous state . . . for the 
ratios of the masses of the molecules 
are then the same as those of the 
densities of the different gases at equal 
temperature and pressure.” 

Determination of 
Molecular Weights 

1.32. By the comparison of densities 
it is thus possible to determine the 
weight of one molecular species with 
reference to that of another, and hence, 
for practical purposes, it is desirable to 
choose a uniform basis of reference for 
expressing molecular weights. That 
proposed by Cannizzaro, and now uni¬ 
versally adopted, is to use the same 
standard as is employed for atomic 
weights. The molecular weight is then 
recorded as the weight of a given mole¬ 
cule relative to the weight of the oxy¬ 
gen atom taken as 16.0000. Defined in 
this manner, the molecular weight is 
equal to the sum of the conventional 
atomic weights (§ 1.37) of its constitu¬ 
ent elements, due allowance being 
made for the number of atoms of each 
present in the molecule. 

1.33. There are good reasons for be¬ 
lieving that the oxygen molecule con¬ 
sists of two atoms, and so the molecular 
weight of ordinary oxygen is taken as 
32.0000. Hence the molecular weight 
of any substance is the weight of a 
molecule of that substance compared 
with the assumed weight of 32.0000 for 


♦Dalton had previously (1808) considered this possibility but hud rejected it, perhaps 
because of the confumon between ntoms and molecules. He wrote: “I lmd n confused idea 
. . . that a given volume of oxygenous gas contains just, ns many particles ns the same 
volume of hydrogenous. . , , But . i • I became convinced that the different gases have not, 
their particlos of the samo sire [i,o. f do not occupy equal volumes! 
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an oxygen molecule. It can be readily 
seen, therefore, that in view of Avo- 
gadro’s law, it is possible to write for 
any gaseous substance, element or com¬ 
pound, at the same temperature and 
pressure, the relationship 


16, i.e., 18, as is actually found from 
gas density measurements. This type 
of argument has been used to deter¬ 
mine the atomic weights of several 
elements. 

1.35. Since the atom is the smallest 


Molecular weight of substance Density of substance 
Molecular weight of oxygen Density of oxygen 


or, 


Molecular weight = 

so that a determination of gaseous 
density is sufficient to yield the mo¬ 
lecular weight of the substance. It 
may be remarked that the use of ordi¬ 
nary densities does not give results of 
a high order of accuracy; but by ap¬ 
plying certain corrections it is possible 
to obtain molecular weights with a 
considerable degree of precision.* 

Molecular Weights and 
Atomic Weights 

1 .34. It now remains to be seen how 
the development of a reliable method 
of determining molecular weights pro¬ 
vided a solution for the atomic weight 
problem. If Dalton had known the 
molecular weight of water to be 18, 
with reference to hydrogen as unity, 
it would have been obvious that its for¬ 
mula could not be HO, as he thought; 
as stated above, this formula implied 
an atomic weight of 8 for oxygen, and 
hence a molecular weight of 1 + 8, 
i.e., 9, for water. By taking the for¬ 
mula of water to be H 2 O, and making 
use of the experimental fact that one 
part by weight of hydrogen is united 
with eight parts of oxygen, it is readily 
seen that the atomic weight of oxygen 
should be 16. In this event, the mo¬ 
lecular weight of water would be 2 + 


Density of substance ^ qqqq 
D ensity of oxygen 

portion of an element that can be pres¬ 
ent in a molecule, the atomic weight 
must be the smallest weight of the ele¬ 
ment that can be found in a molecular 
weight of any of its compounds. This 
contention formed the basis of the pro¬ 
cedure introduced by Cannizzaro for 
the evaluation of atomic weights. Vol¬ 
atile compounds of a given element 
were prepared and their molecular 
weights derived from gas-density 
measurements. The various substances 
were then analyzed so as to find the 
weight of the element present in the 
molecular weight of each compound. 
The smallest of the weights found in 
this manner or, more correctly, the 
highest common divisor of these 
weights, is the atomic weight of the 
element. 

1.36. Other uses have been made of 
molecular weights in connection with 
the derivation of the atomic weights of 
the elements, but sufficient has been 
stated here to indicate that the proper 
application of Avogadro’s law helped 
to remove one of the outstanding diffi¬ 
culties that faced the chemists of the 
early 1800s. In the latter part of the 
same century methods were developed 
for determining molecular weights 
without resort to gas densities, so 


* These correction* arc nnecHMnry hrntUNP Avogadro'* law in strictly applicable to “perfect 
or “ideal 11 gases, whereas actual gases do not behave ideally at ordinary temperatures ana 
pressures. 
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that nonvolatile solid compounds could 
be utilized in atomic weight studies. 
Further, greatly improved procedures, 
based on the use of chlorides and bro¬ 
mides, in place of oxides, have been 
employed for obtaining accurate com¬ 


bining (or equivalent) weights. As a 
result, chemical atomic weights of 
nearly all the elements, as they occur 
on the earth, have been ascertained 
with a considerable degree of accuracy. 
In addition, very precise determina- 


Atomic Weights 


Element 

Symbol 

Atomic 

Number 

Atomic 

Weight 

Element 

Symbol 

Aluminum 

A1 

13 

26.98 

Neodymium 

Nd 

Antimony 

Sb 

51 

121.76 

Neon 

Ne 

Argon * 

Ar 

18 

39.944 

Nickel 

Ni 

Arsenic 

As 

33 

74.91 

Niobium t 

Nb 

Barium 

Ba 

56 

137.36 

Nitrogen 

N 

Beryllium 

Be 

4 

9.013 

Osmium 

Os 

Bismuth 

Bi 

83 

209.00 

Oxygen 

O 

Boron 

B 

5 

10.82 

Palladium 

Pd 

Bromine 

Br 

35 

79.916 

Phosphorus 

P 

Cadmium 

Cd 

48 

112.41 

Platinum 

Pt 

Calcium 

Ca 

20 

40.08 

Potassium 

K 

Carbon 

C 

6 

12.011 

Praseodymium 

Pr 

Cerium , 

Ce 

58 

140.13 

Protactinium 

Pa 

Cesium 

Cs 

55 

132.91 

Radium 

Ra 

Chlorine 

Cl 

17 

35.457 

Radon 

Rn 

Chromium 

Cr 

24 

52.01 

Rhenium 

Re 

Cobalt • 

Co 

27 

58.94 

Rhodium 

Rh 

Copper , 

Cu 

29 

63.54 

Rubidium 

Rb 

.r j 

Dysprosium 

By 

66 

162.51 

Ruthenium 

Ru 

Erbium 

Er 

68 

162.27 

Samarium 

Sm 

Europium 

Eu 

63 

152.0 

Scandium 

Sc 

Fluorine; 

F 

9 

19.00 

Selenium 

Se 

Gadolinium 

Gd 

64 

157.26 

Silicon 

Si 

Gallium 

Ga 

31 

69.72 

Silver 

Ag 

Germanium 

Ge 

32 

72.60 

Sodium 

Na 

Gold 

Au 

79 

197.0 

Strontium 

Sr 

Hafnium 

Hf 

72 

178.50 

Sulfur 

S 

Helium 

He 

2 

4.003 

Tantalum 

Ta 

Holmium 

Ho 

67 

164.94 

Tellurium 

Te 

Hydrogen 

H 

1 

1.0080 

Terbium 

Tb 

Indium 

In 

49 

114.82 

Thallium 

T1 

Iodine 

I 

53 

126.91 

Thorium 

Th 

Iridium 

Ir 

77 

192.2 

Thulium 

Tm 

Iron 

Fe 

26 

55.85 

Tin 

Sn 

Krypton 

Kr 

36 

83.8 

Titanium 

Ti 

Lanthanum 

La 

57 

138.92 

Tungsten 

W 

Lead 

Pb 

82 

207.21 

Uranium 

u 

Lithium 

Li 

3 

6.940 

Vanadium 

V 

Lutetium 

Lu 

71 

174.99 

Xenon 

Xe 

Magnesium 

Mg 

12 

24.32 

Ytterbium 

Yb 

Manganese 

Mn 

25 

54.94 

Yttrium 

Y 

Mercury 

Hg 

80 

200.61 

Zinc 

Zn 

Molybdenum 

Mo 

42 

95.95 

Zirconium 

Zr 


Atomic 

Number 

60 

10 

28 

41 

7 
76 

8 

46 

15 
78 
19 
59 

91 
88 
86 
75 
45 

37 
44 
62 
21 
34 
14 

47 
11 

38 

16 

73 
52 
65 
81 
90 

69 
50 
22 

74 

92 
23 
54 

70 

39 
30 

40 


* In 1957, the ConnmHHKin on Inorganic Nomenclature of the International 
Puro and Applied Chemistry recommended Unit the symbol Ar bo lined for argon, 
A had previously been employed in KngIisli-s]leaking countri oh, 
t Alternative numo, Columbium (Cb) 


Atomic 

Weight 

144.27 

20.183 

58.71 

92.91 
14.008 

190.2 
16.0000 

106.4 
30 975 
195.09 
39.100 

140.92 
231 
226.05 
222 
186.22 

102.91 
85.48 

101.1 

150.35 

44.96 

78.96 
28.09 

107.880 

22.991 

87.63 

32.066 

180.95 

127.61 

158.93 
204.39 
232.05 

168.94 
118.70 

47.90 

183.86 

238.07 

50.95 

131.3 
173.04 

88.92 

65.38 

91.22 


Union of 
although 
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tions of atomic weights have been 
made by means of the mass spectro¬ 
graph (Chapter VIII). 

1.37. The accompanying table gives 
what are believed to be the best values 
of the atomic weights of eighty six 
elements, arranged in alphabetical 
order of their names. The recognized 
symbols for the various elements are 
also given.* It should be borne in 
mind that although the data are con¬ 
sidered to be reliable, some of the re¬ 
sults may be based on experimental 
determinations containing unsuspected 
errors. Consequently, revised lists of 
atomic weights, which frequently con¬ 
tain minor corrections, are issued from 
time to time, as new and more accurate 
experiments are performed. 

Prout’ s Hypothesis 

1.38. In 1816, when few atomic 
weights were yet known, and those 
only approximately, the English phy¬ 
sician William Prout thought it pos¬ 
sible that all atomic weights were in¬ 
tegral, i.e., whole numbers without 
fractions. All atomic weights, he con¬ 
sidered, might thus be multiples of that 
of hydrogen. Prout then went on to 
say: “If the view we have ventured to 
advance be correct, we may consider 
the protyle of the ancients to be real¬ 
ized in hydrogen.” f 


1.39. One of the consequences of the 
announcement of Prout’s hypothesis of 
the integral nature of atomic weights 
was the stimulus it gave to accurate de¬ 
terminations of these quantities. When 
definite fractional atomic weights, 
such as those of chlorine (35,46) and 
copper (63.54), were obtained, the hy¬ 
pothesis fell into disfavor, but in due 
course it came to be realized that there 
was some basis for the idea. If the 
appended table is examined, it will be 
seen that nearly half the elements have 
atomic weights which are within about 
0.1 of a whole number. As R. J. Strutt 
(later Lord Rayleigh, 4th Baron) said 
in 1901: “The atomic weights tend to 
approximate to whole numbers far 
more closely than can reasonably be 
accounted for by any accidental coin¬ 
cidence . . . the chance of any such 
coincidence being the explanation is 
not more than 1 in 1000.” After the 
subject of isotopes has been considered 
in Chapter VIII, it will be seen that 
both integral and fractional atomic 
weights have an explanation, and that 
Prout’s hypothesis, in a modified form, 
has real significance. Even the sug¬ 
gestion that hydrogen is the primal 
matter or protyle, of which other ele¬ 
ments are built up, is not completely 
invalid. 


THE PERIODIC SYSTEM 


Classification of the Elements 

1.40. As far back as 1829, J. W. 
Dobereiner had called attention to a 
simple relationship among the atomic 
weights of elements having similar 
properties. The matter attracted the 
interest of other scientists, but their ac¬ 


tivities were handicapped by the un¬ 
certainties concerning actual atomic 
weight values. After the publication of 
Cannizzaro’s historic paper in 1858, re¬ 
liable atomic weights became available 
and attempts to correlate them with the 
physical and chemical properties of the 


significance of the “atomic number” will bo explained in 88 L44 p 4.23, 

1 Prout referred to this as "an opinion . , . not altogether new,” »m>n.reull.v because his 
eminent conlemporary Humphry Davy and oIIutn thought they had proved, by experiments 
now known to bo faulty, that hydrogen might uclimby bo present m many elements. 
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elements were increasingly successful. 
In France, for example, B. de Chan- 
courtois, in 1862, had arranged the 
elements, in order of increasing atomic 
weight, in the form of a spiral or screw. 
He then found that elements with 
analogous properties occupied related 
positions on the spiral. Quite inde¬ 
pendently, the English chemist J. A. It. 
Newlands made a similar discovery in 
1866, which he published as the “law 
of octaves.” Newlands stated that if 
the elements are placed in a sequence, 
according to their atomic weights, they 
fall into groups such that the eighth 
element has properties similar to the 
first, the, ninth to the second, the tenth 
to the third, and so on, somewhat like 
a series of octaves in music. Although 
the scheme had some merit, Newlands 
carried the octave rule too far. This 
fact, combined with his use of incor¬ 
rect atomic weights in some instances 
and his failure to realize that elements 
might exist which had not yet been 
identified, resulted in some highly im¬ 
probable associations. Thus, iron found 
itself classified with sulfur, and gold 
with iodine, associations which no 
chemist could accept. 

The Periodic Law 

1.41. In 1869, the Russian scientist 
D. I. Mendelyeev* published a short 
note On the Relationships of the Prop¬ 
erties of the Elements to their Atomic 
Weights , which he subsequently elabo¬ 
rated, in 1871, in the form of a lengthy 
paper on The Periodic Regularities of 
the Chemical Elements. Although Lo- 
thar Meyer in Germany had indicated 
in 1864, and again in 1869, that certain 
properties of the elements were a peri¬ 
odic function of their atomic weights, 
it is the Russian chemist who is re¬ 
garded as the effective originator of the 
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periodic law , and of the method of clas¬ 
sifying the elements based on this law. 

It was already apparent, Mendelyeev 
said, “during the period 1860-1870 
. . . that relations between atomic 
weights of analogous elements were 
governed by some general and simple 
law. . . . When I arranged the ele¬ 
ments according to the magnitude of 
their atomic weights, beginning with 
the smallest, it became evident that 
there exists a kind of periodicity in 
their properties. I designate by the 
name periodic law the mutual relations 
between the properties of the elements 
and their atomic weights; these re¬ 
lations are applicable to all the ele¬ 
ments and have the nature of a peri¬ 
odic function.” 

1.42. The success of Mendelyeev’s 
arrangement of the elements lay in his 
emphasis on the repetition of physical 
and chemical properties at definite 
intervals. Where the periodic prop¬ 
erties appeared to break down, he 
boldly proclaimed that, in some in¬ 
stances, the accepted atomic weights 
were grossly in error, while in others 
allowance must be made for elements 
as yet undiscovered. It is in the lat¬ 
ter connection that the periodic law 
achieved its most striking successes. 
By considering the properties of known 
elements surrounding the gaps left for 
apparently missing elements, Men¬ 
delyeev predicted the behavior of the 
latter in great detail. In three cases, 
in particular, the discovery of the actual 
elements, gallium in 1875, scandium 
in 1879 and germanium in 1886, pro¬ 
vided a brilliant vindication of these 
predictions. It was, in fact, not until 
1875, when the French chemist L. de 
Boislmudmn identified, in ssinc blende 
from the Pyrenees, a hitherto unknown 
element, which he called gallium, that 


♦The Hush inn numo hus been transliterated in many different ways; Ujn one given here 
i taken from Webster's New International Dictionary, Houonu Luitlun, 1941. 
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the periodic law began to attract gen¬ 
eral interest* 

1.43. Although some of Mendel- 
yeevprognost.ica t ions we re subse- 
quently found to be incorrect, and 
certain features of bis original periodic 
classification have had to be amended, 
the fundamental principles of his law 
remain unchallenged. It is now ac- 
n*ptrd as one of the cardinal truths of 
nature, and a close connection has been 
established between the positions of I 
the elements in the periodic arrange¬ 
ment and the internal structure of 
their atoms. 

1.44. A modem’form of the periodic 
table, which includes all the known 
elements arranged, with some minor 
exceptions,')' in the order of increasing 
atomic ■ weights, is appended. The 
twelve elements whose symbols are in 
parentheses appear to be too unstable 
to exist in nature to any appreciable 
extent;ithey have, however, been pro¬ 
duced i*n recent years by the disinte¬ 
gration and transmutation of other 
elements. The ordinal number of each 
element in the series, referred to as the 
atomic, number. (§4.23), is given in 
each case. 

1.45. The table is seen to consist of 
a number of horizontal lines, called 
periods, containing 2, 8, 8, 18, 18, 32 
and 16 (incomplete) elements, respec¬ 
tively 4 In each period there is defi¬ 
nite and characteristic gradation of 
chemical and physical properties, from 
one element to the next. In some 
places the gradation is quite marked, 
e.g., Al, Si, P, S, Cl, Ar; but at other 
points, e.g., Cr, Mn, Fe, Co, Ni, Cu, 
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Zn, it is relatively small. These facts 
have been explained in terms of the 
structures of the atoms of the respec¬ 
tive elements. 

1.46. The vertical columns into 
which the table is divided are called 
groups; most of these groups consist of 
A and B subgroups, viz., IA, IB, IIA, 
TIB, etc. Similarities of a minor char¬ 
acter exist between the members of an 
A subgroup on the one hand, and those 
of the corresponding B subgroup on 
the other hand. In each subgroup the 
elements have analogous properties, 
although there is a steady but gradual 

variation with increasing atomic weight. 

It is this repetition of physical and 
chemical characteristics, occurring at 
regular intervals, that represents the 
periodicity to which Mendelyeev, and 
others, called attention. 

1.47. The presence of Group 0, con¬ 
sisting of the “inert gases,” is of par¬ 
ticular interest. None of the elements 
of this group had been identified, at 
least on the earth, until 1895; hence, 
the early groups in the periodic table 
were numbered from I to VIII. When 
the inert gases of the atmosphere were 
discovered it was soon seen that they 
formed a group between \TIB and I A, 
but, in order to avoid a complete re¬ 
numbering, the symbol 0 (zero) was 
assigned to the new group. This sym¬ 
bol is especially appropriate because of 
the highly inert nature of the elements 
concerned. 

Lanthanide and Actinide Series 

1,48. There are numerous other im¬ 
portant features of the periodic table, 
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'Ttorap w* S&® M&i MM nnd potassium, cobalt and nickel, and tellurium nnd iodine 
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but the discussion given here will be 
restricted to one of particular interest. 
In Group IIIA, Period 6, there ap¬ 
pears, in place of a single element, a 
series of fifteen elements with atomic 
{ordinal! numbers from 57 to 71, in¬ 
clusive, the details of which are re¬ 
corded below the main table. These 
elements, called the lanthanide series, 
after the name of its first member (lan¬ 
thanum) , aie more familiarly known 
as the rare-earth series, they have 
properties which are so closely related 
that their separation from one another 
has been a challenging chemical 
problem. 

1.49. In view of the existence of the 
lanthanide series, there has been much 
speculation concerning the possibility 
of the occurrence of an analogous ac¬ 
tinide series, beginning with the ele¬ 
ment actinium, atomic number 89. In 
the periodic tables to be found in books 
and papers published before 1945, and 
even later, the four elements of this 
possible series, whose properties were 


generally known at the time, namely, 
actinium, thorium, protactinium and 
uranium, are placed in Groups IIIA, 
TV A, VA and VIA. In other words, 
prior to 1945, most chemists would 
have doubted the existence of an acti¬ 
nide series; the feeling was that Period 
7 would behave more like Period 5 
than like Period 6. However, infor¬ 
mation obtained since 1939 has thrown 
an entirely new light on the situation 
(see Chapter XVI). A detailed study 
of the chemical properties of the new 
“artificial” elements neptunium (Np, 
931, plutonium (Pu, 94), americium 
(Am, 95), curium (Cm, 96). berke- 
lium (Bk, 97), californium (Cf, 98), 
einsteinium (Es, 99), fermium (Pm, 
100), men dele vium (Md, 101) and 
nobelium (No, 102), and a reinvesti¬ 
gation of those of uranium (92), has 
shown clearly that these elements 
have properties which would make 
them members of a series similar to 
the lanthanide series. 


THE SIZES AND WEIGHTS OF ATOMS 


Atomic Weights and the 
Reality of Atoms 

1.50. So far, the atomic concept lias 
keen presented here purely as a work¬ 
ing theory, without any definite proof 
that atoms actually exist. By assum¬ 
ing that compounds are composed of 
molecules, which are themselves built 
up from atoms of various elements, it 
has been possible to ascribe so-called 
atomic weights to these elements. The 
fact that the arrangement of the ele¬ 
ments in order of increasing atomic 
weight firings out a striking periodicity 
of characteristic properties, suggests 
1 hat these weights do have significance. 


The results thus provide some support 
for the theory that all matter is con¬ 
structed ultimately of atoms. How¬ 
ever, if information could he obtained 
froni various sources concerning the 
sizes and actual weights, as distinct 
from the relative weights, of atoms, a 
general agreement among the results 
might serve as a more convincing argu¬ 
ment for the atomic theory. 

Molecular Size: Early 
Estimates 

1.51. The first reasonably accurate 
estimate of molecular size was pub¬ 
lished by the English physicist Thomas 
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Young, in an essay on Cohesion, writ¬ 
ten in 1816 for the Supplement of the 
Encyclopaedia Britannica. In this ar¬ 
ticle, he said: “Within certain limits of 
accuracy, we may obtain something 
like a conjectural estimate of the 
mutual distance of the particles of va¬ 
pours, and even of the actual magnitude 
of the elementary atoms of liquids, as 
supposed to be nearly in contact with 
each other; for if the distance, at which 
the force of cohesion begins, is con¬ 
stant at the same temperature, and if 
the particles of steam are condensed 
when they approach within this dis¬ 
tance, it follows that at 60° of F. the 
distance of particles of pure aqueous 
vapour is about the 250 millionth of 
an inch.” From this result and a com¬ 
parison of the densities of liquid and 
vapor, Young concluded that the di¬ 
ameter of a water molecule was about 
a billionth, i.e., 10 -9 , of an inch. Con¬ 
sidering the approximate nature of the 
calculation and the very small magni¬ 
tudes involved, this result is remark¬ 
ably good, being only about ten times 
smaller than the value now accepted. 

1.52. Thomas Young’s estimate of 
molecular size was based on intelligent 
guessing, but further developments in 
physical theory were necessary before 
substantial progress could be made. 
Qne of these was related to the be¬ 
havior of gases. The fact that gases 
exert a pressure or “spring,” as Robert 
Boyle called it, had been explained by 
the kinetic theory. According to this 
theory the molecules of a gas are as¬ 
sumed to be constantly in motion, 
frequently striking one another and the 
walls of the containing vessel, and so 
continually changing their directions. 
Making use of this relatively simple 
concept, mathematicians and physi¬ 
cists, notably R. Clausius in Germany 
and J. C. Maxwell in England, in the 
period between 1850 and 1860, were 
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able to derive a number of equations 
relating certain measurable properties 
of a gas to the characteristics of the 
individual molecules. One of these 
equations showed how the viscosity, or 
resistance to flow, of a gas depended on 
the size of the molecules and the num¬ 
ber present in unit volume. However, 
since neither of the latter quantities 
was known, the relationship to the 
viscosity, which could be determined 
experimentally, appeared to have no 
practical value, since no solution can 
be obtained for a single equation with 
two unknown quantities. 

1.53. The dilemma was solved in a 
simple, if approximate, manner by the 
German scientist J. Loschmidt in 1865. 
He pointed out that if molecules could 
be regarded as spherical in shape, and 
if, further, it was supposed that in the 
liquid state these molecular spheres 
were packed as closely as possible, an¬ 
other equation could be readily derived 
relating these same two quantities to 
the density of the liquid. Hence, if 
there are known the viscosity of a 
particular gas and the density of the 
liquid which is formed when the gas is 
compressed and cooled, the two equa¬ 
tions permit the size of the given mole¬ 
cule and the number present in a unit 
volume to be calculated. 

1.54. Applying this procedure to ni¬ 
trogen, oxygen and carbon dioxide, 
Loschmidt found these molecules to be 
slightly more than one ten-millionth of 
a centimeter i.e., lQ _7 cm., in diameter, 
a value now known to be too large 
by a factor of about five, but, neverthe¬ 
less, of the correct order of magnitude. 
In addition, the calculations showed 
that in each case there were present, 
under ordinary conditions of temper¬ 
ature and pressure, about two billion 
billion, i.e., 2 X 10 1fl , individual mole¬ 
cules in one cubic centimeter (1 cc.), 
n figure which is some fourteen times 
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too small.* The weight of 1 cc. of 
oxygen gas, for example, is known, and 
consequently the weight of a single 
oxygen molecule could be calculated. 
The weight of an atom would then be 
one-half of this quantity. In spite of 
their approximate nature, partly due 
to the use of inaccurate viscosity data 
and partly because of the assumption 
that a liquid consists of close-packed 
spheres, Loschmidt’s results are im¬ 
portant, for they represent the first 
attempt, based on sound theoretical 
principles, to estimate the properties 
of single molecules. 

1.55. In 1870, the eminent Scottish 
physicist and inventor, William Thom¬ 
son, later Lord Kelvin, reviewed a 
number of methods for determining 
molecular size, and concluded that 
they all led to values of the same order, 
namely, about 10 -8 cm. for the diam¬ 
eter of a molecule. In a lecture de¬ 
livered at the Royal Institution, Lon¬ 
don, in 1881 he tried to convey some 
idea of the extreme smallness of atoms 
and molecules as follows: “To form 
some conception [of molecular size] 

. . . imagine a globe of water as large 
as a [spherical] football . . . , say 16 
centimetres in diameter, to be magni¬ 
fied up to the size of the earth, each 
constituent molecule being magnified 
in the same proportion. The magnified 
structure would be more coarse-grained 
than a heap of small shot but probably 
less coarse-grained than a heap of foot¬ 
balls.” 

The Avogadro Number 

1.56. Before proceeding to a dis¬ 
cussion of more recent work dealing 


with molecular properties, reference 
must be made to an incidental matter. 
By Avogadro’s law, the number of in¬ 
dividual molecules in a given volume 
of (ideal) gas is independent of the 
chemical nature of the gas. For pur¬ 
poses of record any convenient volume 
may be chosen, but there is a particular 
volume that has special significance. 
If the molecular weight of any sub¬ 
stance is expressed in grams, the re¬ 
sulting quantity is known as a gram 
molecular weight, a gram molecule or, 
more briefly, as a mole of the substance. 
Thus, 2.016 grams of hydrogen, 32.000 
grams of oxygen and 28.020 grams 
of nitrogen, each represent one mole 
of the respective substances. Experi¬ 
ments with a large number of gases 
have shown, in accordance with Avo¬ 
gadro’s law, that, after correcting for 
departure from ideal behavior (§ 1.33, 
footnote), one mole of any gas always 
has a volume of 22.414 liters at a tem¬ 
perature of 0°C and a pressure of 1 
atmosphere. This is known as the 
gaseous molar volume at standard tem¬ 
perature and pressure, and the number 
of individual molecules present in this 
volume, which is the same for all gases, 
is called the Avogadro number or Avo¬ 
gadro’s constant. 

1.57. Since the molar volume con¬ 
tains one mole, the Avogadro number 
is the number of individual molecules 
in one gram molecule.f Hence, if the 
molecular weight of any substance, 
element or compound, is divided by 
the Avogadro number, the result is the 
weight expressed in grams of a single 
molecule of that substance. Similarly, 
the weight in grams of a single atom of 
any element is obtained upon dividing 


* According to Avogadro’s law, the number of molecules in 1 cc. of gas should be the same, 
ill. a given temperature and pressure, for all gases. Within the limits of their accuracy, 
boschmidt/s results confirmed the law. 

t One mole of a substance must contain I Ik* name number of individual molecules irrespec¬ 
tive of its state, solid, liquid or gaseous. Consequently, the Avogadro constant gives the 
number of molecules in one mole of any aubslanco, 
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its atomic weight by the Avogadro 
constant. 

1.58. One of the most notable stud¬ 
ies relating to molecules was under¬ 
taken in France by J. Perrin, beginning 
about 1908. Some eighty years earlier, 
the English botanist Robert Brown 
had noticed that when microscopic pol¬ 
len grains were suspended in water, 
they exhibited continual and haphaz¬ 
ard motion in all directions. In fact, 
their behavior was, on a large scale, ex¬ 
actly what would have been expected 
from molecules if they behaved in 
accordance with the kinetic theory 
(§ 1.52). The phenomenon, which has 
been observed with small suspended 
particles of many kinds, is called the 
Brownian movement , the motion being 
attributed to the continuous bombard¬ 
ment of the particles by the molecules 
of the medium in which they are sus¬ 
pended. Thus, the movement of the 
particles, as seen in the microscope, 
represents in a sense a highly magnified 
picture, of the motion of the invisible 
molecules which surround them. Per¬ 
rin m : ade a series of measurements on 
various types of suspended particles, 
and by assuming that they behaved 
just like molecules obeying the equa¬ 
tions derived from the kinetic theory 
of gases, he was able to calculate the 
Avogadro number. 

1.59. In other experiments on the 
motion of suspended particles, Perrin 
made use of an equation, first derived 
by A. Einstein in 1905. By combining 
this with other equations, further re¬ 
lationships were obtained which per¬ 
mitted independent estimates to be 
made of the number of molecules con¬ 
tained in a given volume of gas. The 
striking fact that emerged from this 
work was that the value of the Avo¬ 
gadro number was always the same— 
about 6 X 10*” — within the limits of 
experimental error, irrespective of the 
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type of measurement upon which it 
was based. Further, the value was in 
excellent agreement with that derived 
from more refined calculations, of the 
type first made by Loschmidt, utilizing 
the properties of gases. The fact that 
observations of such entirely different 
types gave virtually identical results 
was of the greatest significance. Apart 
from yielding information concerning 
the Avogadro number, the work of 
Perrin has been regarded as providing 
some of the most convincing evidence 
for the real existence of molecules. 

1.60. Several other procedures for 
evaluating the Avogadro constant, 
ranging in scope from radioactivity to 
the blue color of the sky, have been 
developed. Two of these give results of 
special accuracy; the first is based on 
measurement of the charge carried by 
an electron (§2.41), and the second 
involves X-ray studies with crystals. 
The value of the Avogadro number 
thus obtained is 6.025 X 10 23 , and this 
is the number of individual molecules 
in a gram molecular weight, i.e., in a 
mole, of any substance. 

Atoms in Gas, Solid and Liquid 

1.61. Under ordinary atmospheric 
conditions, 1 cc. of a gas, irrespective 
of its nature, contains about 2.7 X 10 19 
molecules. Gaseous molecules are usu¬ 
ally made up of from 1 to 10, or per¬ 
haps more, atoms and so the volume 
of gas specified includes, on an average, 
a total of something like 10 20 atoms. 
In certain atomic studies, some of 
which will be referred to later in this 
book, it is necessary to produce what 
is known as a “high vacuum,” by 
pumping as much as possible of the 
gas from the containing vessels. How¬ 
ever, even in the best vacuum norm ally 
attainable, with the pressure reduced 
to one billionth (10" D ) of an atmos¬ 
phere, or loss, 1 co. of gas, at normal 
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temperature, still contains more than 
ten billion, i.e., more than 10 10 mole¬ 
cules. 

1.62. Liquids and solids, being more 
highly condensed than gases, contain 
even more atoms and molecules per 
unit volume. As distinct from the be¬ 
havior of gases, the number of mole¬ 
cules now depends on the nature of the 
substance. It is determined, essen¬ 
tially, by the ratio of the density of the 
solid or liquid to that of the same 
material in the form of gas or vapor. 
But, as a rough approximation, it may 
be stated that a solid or liquid contains 
about one thousand times as many 
atoms as an equal volume of gas at 
normal pressure. Consequently, under 
ordinary conditions, there are some¬ 
thing like 10 23 atoms in 1 cc. of liquid 
or solid material. 

1.63. The number of molecules in a 
specified weight of any material, gase¬ 
ous, liquid or solid, can be calculated 
in the following manner. The weight 
in grams is first divided by the molec¬ 
ular weight, to give the number of 
moles present. Upon multiplication of 
this result by the Avogadro number, 
i.e., 6.02 X 10 23 , which is the number 
of molecules in 1 mole, there is ob¬ 
tained the total number of individual 
molecules in the material. If the latter 
is an element, division of the weight by 
(he atomic weight and multiplication 
by the Avogadro number gives, corre¬ 
spondingly, the number of atoms pres¬ 
ent. 

Weights and Sizes of 

Atoms and Molecules 

1.64. As already stated, the weight 


in grams of a single atom or molecule 
can be determined by dividing the 
respective atomic or molecular weight 
by the Avogadro number. Thus, the 
weight of the lightest atom, hydrogen, 
is found to be 1.67 X 10“ 24 gram, while 
that of the heaviest, naturally occur¬ 
ring element, uranium, is 3.95 X 10 -22 
gram.* Special balances, designed for 
weighing small quantities (§ 16.16), 
can detect a weight as small as 10“ 8 
gram. Such a minute speck of matter, 
say of uranium, would be invisible to 
the naked eye, but it would, neverthe¬ 
less, contain more than 10 13 atoms. 

1.65. Now that the Avogadro con¬ 
stant, and hence the number of mole¬ 
cules in 1 cc. of gas, may be regarded 
as known, use may be made of the 
kinetic theory equations, referred to 
earlier, to derive molecular diameters 
from such measurements as the vis¬ 
cosity, diffusion or heat conductivity 
of gases. Since the number of atoms 
in the molecule is usually known, an 
estimate may be made of the diameters 
of some of the lighter atoms. In this 
way, the diameter of a hydrogen atom, 
the smallest atom of all, is found to be 
1.35 X 10 -8 cm., that of helium 2.2 X 
10 -8 cm., and of nitrogen and oxygen 
aboutl.8 X 10 _8 cm.f Thus, the lighter 
atoms, and molecules containing a rela¬ 
tively few atoms, have diameters of the 
order of 10 -8 cm. For atoms, at least, 
which may be regarded as spherical 
in shape, this also represents the order 
of magnitude of their radii. 

1.66. An approximate estimate of 
molecular and atomic radii can be 
made by utilizing Loschmidt J s assump¬ 
tion that a liquid or, better, a solid 


* The word “heaviest” m used here refers to the relative weigh Is of the atoms. The con- 
venlional “heaviness,” of the solid, for example, which is really the density, or weight of a 
hpc'eificd volume, depends on 1 he weight, of the atoms and also on the wray they are packed 
In get, her in the solid. Heavy atom# loosely parked might give ji solid of lower density than 
lighter atoms very tightly packed. 

t These figures are probably nil about 0.3 X 10‘ B cm. larger than the true atomic diameters 
Ihtuuhc the kinetic theory equations give cfdlinion diametevH, the cloncst distance to which 
two molucutcw can approach ctacli other. 
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may be treated as an arrangement of 
closely-packed spherical molecules (or 
atoms). The molecular weight of water, 
for example, is 18, and hence 18 grams 
Of water, which occupy about 18 cc. 
in the liquid state, contain 6 X 10 23 , 
the Avogadro number, of molecules* 
If the water molecules were cubic in 
shape, so that they packed together 
without any free space, the volume of 
a single molecule would be 18 divided 
by 6 X 10 2a , i.e*, 3 X 10“ :23 cc* Assum¬ 
ing a spherical shape, the volume would 
be somewhat less, say about 2 X 10 3 

cc. The volume of a sphere of radius r is 
47 rr 3 / 3 , where 7 r. has its usual value of 
3.14; consequently, it can be readily 
calculated that, if the water molecule 
were spherical, its radius would be 
about 1.7 X lO" 8 cm. It can be seen 
that this simple method gives results 
of the correct order of magnitude, and 
provides an approximate indication of 
molecular and atomic dimensions. 

1.6^. Individual atoms thus are so 
small' that they cannot be detected, 
even in the most powerful electron 
microscopes, which give a magnifica¬ 
tion of about 100,000. It is possible 
that some large naturally occurring 
molecules, particularly those which are 
protein-like in character, can be ren¬ 
dered visible in this manner, but each 
of these complex molecules consists of 
thousands of atoms. The smallest 
speck of matter which might be ex¬ 
pected to be visible in a good, optical 
microscope would contain something 
like a billion (10 9 ) atoms! 

1.68. In recent years three methods, 
in particular, have been used to deter- 


Chap. II 

mine the sizes of atoms and molecules. 
For solids the diffraction of X-rays 
(§2.93) has been employed, and for 
gases application has been made of the 
diffraction of electrons (§3.42), and 
also of the so-called “band” spectra of 
molecules. For purposes of reference, 
and as a matter of general interest, the 
approximate atomic radii of a number 
of the more familiar elements are 
quoted here. For convenience, the re¬ 
sults are expressed in Angstrom units, 
where 1 Angstrom, represented by the 
symbol A, is equal to 10“ 8 cm.* 


Approximate Atomic Radii 


Element 

Atomic 

Radius 

Element 

Atomic 

Radius 

Hydrogen 

0.53 A 

Aluminum 

1.45 A 

Oxygen 

0.74 

Magnesium 

1.6 

Carbon 

0.77 

Lead 

1.75 

Arsenic 

1.2 

Sodium 

1.9 

Tin 

1.4 

Potassium 

2.35 


1.69. It is a remarkable achievement 
that, in spite of their almost infini¬ 
tesimal smallness, atoms have been 
weighed and measured. The results 
have been obtained indirectly, it is 
true, but they are believed to be just 
as certain as if each individual atom 
had been handled. Still more wonder¬ 
ful is the fact that methods have been 
found for prying into the very interior 
of the atom and of studying its de¬ 
tailed structure. Although a great 
deal still remains to be discovered in 
this field, striking progress has already 
been made. Much of the information 
has stemmed from studies on the pas¬ 
sage of electricity through gases at 
low pressures, a subject which will be 
considered in the next chapter. 


* This unit, named for the Swedish spectroscopist A. J. Angstrom to! originally intro- 
duced to express the wave lengths of light in the spectra of atoms (see 9 d.lo). 
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THE NATURE OF ELECTRICITY 


Positive and Negative 
Electricity 

2.1. As with so many modern ideas, 
the origin of the study of electricity 
may be traced to the Greeks. The 
philosophers of ancient Greece were 
inclined to be thinkers rather than ex¬ 
perimenters, but they did observe, as 
far back as 600 b.c., that when a 
piece of amber is rubbed, for example, 
with fur or cloth, it acquires the 
property of attracting to itself light 
particles, such as feathers and wool. 
This phenomenon was studied by Wil¬ 
liam Gilbert, personal physician to 
Queen Elizabeth, in the latter half of 
the sixteenth century, and for it he pro¬ 
posed the name electricity , after the 
Greek word elektron , meaning amber. 
Gilbert also noticed that other sub¬ 
stances besides amber, such as glass 
and some gems, become electrified 
when rubbed, so that they are then 
able to attract light particles. 

2.2. Little progress was made for over 
a hundred years until 1733 when C. F. 
DuFay in France found that although 
sealing wax rubbed with cat’s fur and 
a glass rod rubbed with silk both be¬ 
came electrified, there is a difference 
in the electrification they acquire. 
Thus, an electrified body which is at¬ 
tracted by the sealing wax is strongly 
repelled by the glass, and vice versa. 


The two kinds of electricity were 
called vitreous (glass) and resinous 
(sealing wax). But it was the remark¬ 
able American philosopher and states¬ 
man Benjamin Franklin, who, in 1747, 
proposed the terms positive and nega¬ 
tive electricity, which are still in gen¬ 
eral use. In the middle of the eighteenth 
century electrification was considered 
to be due to a “fluid,” and Franklin 
thought that when glass was rubbed 
with the dry hand, some of the electric 
fluid passed from the hand to the glass. 
The latter thus having an excess, or 
“plus,” of electric fluid was said to be 
electrified positively, while the hand, 
having a deficit, or “minus,” of the 
fluid was regarded as having a nega¬ 
tive charge. 

2.3. Franklin was apparently una¬ 
ware of DuFay's classification of vitre¬ 
ous and resinous electricities, but others 
soon realized that the former was 
equivalent to Franklin's positive and 
the latter to his negative electricity. 
Thus, while glass becomes positively 
charged, sealing wax acquires a nega¬ 
tive charge when rubbed. The obser¬ 
vations made by DuFay relating to the 
attraction and repulsion of charged 
bodies arc readily explained if it is 
supposed that unlike charges attract, 
whereas like charges repel one another. 
The positively charged glass attraots 
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the negatively charged sealing wax, 
but repels another positively charged 
glass rod. 

2.4. Actually, Franklin had no 
valid grounds, as he seemed later to 
realize, for believing that glass acquires 
an excess of electricity when rubbed. 
Consequently, Ids use of the terms 
positive and negative were really arbi¬ 
trary. Nevertheless, they are used to¬ 
day in the same sense as when they 
were introduced about two hundred 
years ago. Any electrified body which 
repels, or is repelled by, electrified 
glass, or attracts, or is attracted by, 
electrified sealing wax is said to be 
positively electrified or to carry a 
positive electric charge. Similarly, an 
electrified body is regarded as having 
a negative charge when it attracts 
electrified glass and repels electrified 
sealing wax. It will be seen in § 2.53 
that it would have simplified many 
things if Franklin had concluded, as 
he might well have done, that glass 
-became negatively electrified when 
rubbed. Unfortunately, he did not do 
so, and the study of electricity has 
become so thoroughly imbued with 
these, particular associations of posi¬ 
tive and negative charges that it 
would now be virtually impossible to 
make any change, no matter how 
convenient such a change might prove 
to be. 

Static and Dynamic Electricity 

2.5. The electrical phenomena 
studied by Gilbert, DuFay, Franklin 
and others have become known as 
frictional or static electricity—be¬ 
cause of its mode of production—to 
distinguish it from the so-called dy¬ 
namic electricity, discovered at the 
end of the eighteenth century. In 1780, 
the anatomist Luigi Galvani, in Italy, 
had noticed that when one of the 
nerves of a freshly killed frog was 
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touched with a metal scalpel while an 
electric spark was being produced on 
a nearby frictional machine, the mus¬ 
cles of the frog twitched. Later, while 
investigating the phenomenon, which 
he attributed to “animal electricity,” 
he found that similar effects could be 
produced by making contact between 
two pieces of metal, one of which was 
placed touching a muscle, and the 
other a nerve of the frog. 

2.6. The “animal” nature of the 
electricity was doubted by a contem¬ 
porary Italian physicist Alessandro 
Volta, who suggested that the essential 
factor in the production of the effects 
observed was the presence of two 
metals. He proved the point in 1796 
by showing that electricity could be 
generated by means of pieces of two 
different metals, such as zinc and 
silver, separated by wet pasteboard or 
leather. A system of this type subse¬ 
quently became known as a galvanic 
or voltaic cell, in honor of Galvani 
and Volta, respectively. 

Potential and Current 

2.7. The kind of electricity pro¬ 
duced by a cell—called galvanic or 
voltaic electricity—appeared at first 
to be different from the frictional elec¬ 
tricity which resulted from rubbing a 
nonmetallic substance. The former 
had the property of flowing along a 
metal wire, whereas the latter ap¬ 
peared to be confined to a particular 
body, so that the terms dynamic and 
static were employed, as stated above. 
However, after various experimenters, 
during the early years of the nine¬ 
teenth century, had shown that identi¬ 
cal effects could be produced by both 
static and dynamic electricity, the 
famous English scientist Michael 
Faraday, in 1833, explained the ap¬ 
parent difference. 

2,8. In 1776, Henry Cavendish had 
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suggested that two electrical factors, 
namely, “quantity” and “intensity,” 
must be distinguished. For the pur¬ 
pose of analogy, electricity may be 
compared with the flow of water in a 
waterfall. The intensity of electricity, 
referred to as the potential or voltage, 
since it is usually measured in volt 
units, is equivalent to the height of the 
fall; while the quantity of electricity, 
sometimes called the charge, is similar 
to the amount of water in the fall. 
One waterfall may be very high but 
contain the merest trickle of water, 
whereas another may consist of a large 
volume of water falling through a rela¬ 
tively small height. So it is with elec¬ 
tricity. Faraday showed that in static 
electricity the potential or voltage is 
high, but the charge or quantity is 
small; in dynamic electricity, however, 
the situation is reversed, compara¬ 
tively speaking, the voltage being 
smaller while the quantity is larger. 
The energy available at the bottom of 
a waterfall is determined by the prod¬ 
uct of the height of the fall and the 
quantity of water falling. A similar 
rule applies to electricity: the electri¬ 
cal energy is calculated by multiply¬ 
ing together the potential and the 
charge. 

2.9. When two bodies, one of which 
is charged positively and the other 
negatively, are connected together, by 
ii metal rod or wire for example, a flow 
of electricity, referred to as an electric 
current, will be produced. Even if the 
connecting wire is not used, and the 
potentials of the charged bodies—one 
positive and one negative—are high 
enough, so that there is a large poten¬ 
tial difference between them, electric¬ 
ity will flow from one body to another 
in the form of an electrical discharge, 


such as a spark or a series of sparks. 
Lightning is a discharge of this type. 

2.10. Since the quantity of electric¬ 
ity on a body charged statically, e.g., 
by friction, is small, the current 
strength, i.e., the rate at which the 
charge flows, usually measured in am¬ 
peres, will be small. If higher currents 
are required, at a sacrifice of potential, 
a form of voltaic or galvanic cell is 
employed. By combining a large num¬ 
ber of such cells in series, it is possible 
to step up the potential, to something 
of the order of a thousand volts or 
more, while maintaining a moderate 
current strength. A similar result may 
be achieved by using a dynamo, which 
is a machine for converting mechani¬ 
cal into electrical energy (§3.2). 

2.11. By convention, the positive 
direction of flow of electric current is 
taken to be from the positively 
charged body to the one carrying the 
negative charge. The terms positive 
and negative as used here correspond 
exactly to their definitions by Frank¬ 
lin. However, it is no longer necessary 
to use the primitive tests of attraction 
and repulsion of charged bodies. When 
an electric current passes through a 
wire, disturbances occur in its neigh¬ 
borhood which influence a magnet in 
a definite manner,* depending on the 
direction of flow. Similarly, chemical 
effects observed when electricity 
passes through a solution are charac¬ 
teristic of the current direction. Thus, 
magnetic or chemical (electrolytic) 
tests readily serve to indicate the di¬ 
rection of current flow. Every source 
of electric current, whether it be a 
single cell, a group of cells or a dy¬ 
namo, consists of two poles, plates or 
electrodes, as they are variously 
termed. A positive sign is allocated to 


* It is frequently stated that a magnetic field exists in the vicinity of a wire carrying an 
electric current. The term field refers, in general, to a region or space throughout which a 
particular kind of force, e.g., magnetic, electric, gravitational, etc., is being exerted. 
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one and a negative sign to the other, 
so that the direction of current flow is 
from positive to negative. 

Alternating Current 
2.12. Hitherto it has been tacitly 
assumed that the flow oi electricity is 
unidirectional; this is known as direct 
current or DC. However, several de¬ 
vices in common use, such as a dynamo 
(without a commutator), an induction 
coil and a vacuum-tube oscillator, pro¬ 
duce alternating current or AC. i.e., a 
current whose direction is continually 
reversed at definite intervals. Each ; 
pule thus becomes alternately positive 
and negative, and has no specific sign. 
With a dynamo the frequency of the 
alternations depends on the rate oi 
rotation of the armature, and m usu¬ 
ally moderately low, for example, sixty 
cycles per second for ordinary house 
current in the United States. Bv means 
of properlv designed vacuum-tube os¬ 
cillators, alternating current of vari¬ 
ous frequencies, from relatively low to 
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very high, e.g., radio and radar, can 
he obtained. 

2.13. The advantage of alternating 
current is that its voltage, or potential 
difference, can he greatly increased, ni 
decreased, very' simply by means of the 
instrument known as a transformer. 
As will he seen in Chapter IX, such 
high voltage currents, of relatively 
high frequency, have important uses 
in atomic studies. It is true that in the 
transformer the current strength is 
diminished proportionately as the 
voltage is increased, hut this is usually 
of no significance. By means of a recti¬ 
fier, alternating current can lie con¬ 
verted into direct current. Various 
types of rectifying devices are avail¬ 
able, as, for example, mechanical, 
vacuum-tube > copper-copper uxide a no 
selenium rectifiers. In order to obtain 
direct current at high potentials, the 
common procedure is to produce alter¬ 
nating current in a convenient manner, 
step up its potential by means of a 
transformer, and then rectify. 


PASSAGE OF ELECTRICITY THROUGH GASES 


Electrical Discharge 
at Low Pressures 

2.14. In 1705, F. Hauksbee, in Eng¬ 
land. found that there was an emission 
of light when amber was electrified by 
rubbing in a closed vessel, in which the 
pressure of the air had been reduced 
by a pump. At ordinary atmospheric 
pressure the light was not observed. 
A related effect was noted by William 
Watson in 1752; he found that a dis¬ 
charge of static electricity would pass 
much more readily through a gas at 
low pressure than at atmospheric pres¬ 
sure. The passage of the discharge was 
accompanied by a luminosity in the 
containing vessel. Although it is pos¬ 


sible, by means of sufficiently high 
potential, which may be either alter¬ 
nating or unidirectional, to pass a dis- 
charge in the form of a spark through 
a gas at atmospheric pressure, it is 
apparently much easier to do so if the 
gas pressure is decreased. The voltage 
adequate to produce the discharge at 
reduced pressures, although still high, 
is considerably lower than the spark¬ 
ing potential at atmospheric pressure. 
Further, the low-pressure discharge is 
less violent than a spark, and is asso¬ 
ciated with various luminous phenom¬ 
ena. The familiar neon signs widely 
used in advertising provide an excel¬ 
lent illustration of the effect of oleotn- 
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cal discharge in a gas at reduced pres¬ 
sure. 

2.15. The reason why electricity 
will travel more readily through a gas 
at low pressure is, briefly, somewhat 
as follows. The passage of electricity 
from one point to another requires 
the presence of electrically charged 
particles, frequently atoms or mole¬ 
cules, to which the general name of 
ions * is given. Under the influence of 
a potential difference the ions move, 
those carrying a positive charge trav¬ 
eling in the direction of current flow, 
according to the convention described 
earlier, while negatively charged ions 
move in the opposite direction. If not 
obstructed the ions would move with 
a steadily increasing speed, acquiring 
increased energy, the maximum at¬ 
tained being dependent on the magni¬ 
tude of the potential difference. Air 
normally contains a few ions, and if a 
potential is applied to two metal plates 
(or electrodes) in air, the ions are ac¬ 
celerated in one direction or the other 
according to their signs. 

2.16. In their motion through the 
gas, at least two things may happen: 
first, the ions may collide with gas 
molecules and be robbed of their en- 
ergy, or second, suitable encounters 
may result in the formation of more 
ions, a phenomenon known as ioniza¬ 
tion by collision. If the pressure of 
the air is in the region of atmospheric, 
the former effect will predominate, 
with the result that very few ions will 
be available for carrying the electric¬ 
ity. As the pressure is diminished, the 
latter effect becomes more important 
so that the number of ions produced 


by collisions gradually becomes larger 
than, and eventually greatly exceeds, 
the number losing their energy. Hence 
the electric discharge passes with in¬ 
creasing ease. At sufficiently low pres¬ 
sures the ionization decreases, because 
of the smaller number of collisions, 
and the discharge does not occur so 
readily. 

Cathode Rays 

2.17. By taking advantage of the 
fairly constant potentials that could 
be secured by means of the then re¬ 
cently invented voltaic battery, M. 
Faraday (1838) made the first sys¬ 
tematic studies of electric discharges 
through gases under diminished pres¬ 
sure. Although he observed a number 
of interesting phenomena, he was lim¬ 
ited by the fact that the suction pumps 
available at the time for reducing the 
gas pressure were not too efficient. A 
great step forward was made, about 
1854, when H. Geissler, a German 
glass-blower of exceptional skill, not 
only developed an improved vacuum 
suction pump, but succeeded in sealing 
into glass tubes wires attached to 
metal electrodes. The evacuated Geis¬ 
sler tubes which he made were partic¬ 
ularly suitable for the study of the 
passage of electricity through gases 
at low pressure, and with them J. 
Pliicker, in Germany, made numerous 
experiments between the years 1858 
and 1862. Among other things, he ob¬ 
served that the tube in the vicinity of 
the cathode , i.e., the electrode attached 
to the negative side of the source of 
potential,f emitted a green glow or 


* From 111e Greek word meaning traveler, becuiiHfi they travel from one point to another 
when a difference of potential is applied. 

f The oilier electrode, i.e.. the one joined to llie positive aide of the potential tionree, \> 
i idled I he anotic. The words anode nnd cathode, derived from the Greek prefixes ana (np) 
mid cut ft (down), were first used b.v Faraday (18*11), til the suggestion of I he Cambridge 
philosopher W. Who well. The term iitn, mentioned earlier, for the carriers of eJeclricd.y, 
originated in the mtm maimer. 
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luminescence* The position_ of the 
glow could be changed by bringing a 
magnet up to the tube. t 

2.18. The studies of electrical dis- 
■ charge' through gases were continued 
in Germany by Pliicker’s pupil, W. 
Hittorf (1869), and by E. Goldstein 
(1876). From their observations they 
concluded that the luminescent glow 
on the tube was caused by rays 
originating at the cathode, which Gold¬ 
stein consequently called cathode rays. 
The rays could be deflected by a mag¬ 
net and were able to cast a shadow of 
an obstacle placed in their path, show¬ 
ing that they traveled in straight lines 
2 . 19 . Between the years 1879 and 
1885 the English scientist William 
Crookes, who designed improved vac¬ 
uum discharge tubes, made a very 
comprehensive series of investigations 
of the electrical discharge. From tnese 
he concluded that the cathode rays 
actpally consisted of a stream of nega¬ 
tively charged particles, which were 
expelled from the cathode—the nega¬ 
tive electrode—with extremely high 
velocities. This view of the nature ol 
cathode rays supported a suggestion 
made in 1872 by C. F. Varley, but it 
was opposed by many European physi¬ 
cists, including such eminent men as 
E. Wiedemann (1880), H. Hertz 
(1883) the discoverer of radio waves, 
and P Lenard (1894). The latter 
group thought the cathode rays were 
an electromagnetic wave motion or 
vibration, analogous to light waves 
but of shorter wave length,t If the 
rays are really a stream of charged 
particles then they should be deflected 
by passage through an electric held, 
as well as by a magnetic field, but 
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Goldstein, in spite of several trials, 
had failed to observe any such eflect. 
However, the deflection of cathode 
rays in the field of a magnet v an 
accepted fact, and this could not be 
explained if the rays were similar to 
light waves. 

The Nature of Cathode Rays 

2.20. In an apparently decisive ex¬ 
periment. performed by J. Perrin in 
France in 1895, the cathode rays were 
allowed to fall on a device known as a 
Faraday cylinder, connected to an elec¬ 
trometer by means of which the sign 
and magnitude of electric chaige cou 
be determined. It was found that a 
negative charge collected in the cylin¬ 
der. and so it was argued that the rays 
were made up of negative particles. 
Objection was taken to this conclusion 
on the grounds that negatively charged 
particles might well be ejected from 
the cathode, but there was no proof 
that they are identical with the cath¬ 
ode rays. 

2.21. The required proof was pro- 
vided in 1897 by J. J. Thomson, the 
famous English physicist, whose work 
has had a profound effect, both direct 
and indirect, on the study of atomic 
structure. In the first place, he re¬ 
peated Perrin's experiment and con¬ 
firmed that charged particles are emit¬ 
ted bv the cathode. But, in addition, 
he showed that when the cathode rays 
are deflected hy a magnetic field, as 
indicated by the change in position ol 
the luminescence they produce, the 
negatively charged particles are corre¬ 
spondingly deflected. Further Thom¬ 
son succeeded, where Goldstein 


* The phenomenon !»■* often been .lescribHl as tinot™ 2 footnotes), 

sxS'ii./bc -.*■ <>f "■* 

'"'t a'm .. . rm,mWM 18 e,v "" 
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of hers had failed, in deflecting the 
path of the cathode rays by means of 
an electric field. Previous failures had 
been due to excessive ionization of the 
gas still present in the discharge tube, 
I Inis offsetting the effect of the electric 
field. By working at very low pres¬ 
sures Thomson minimized the influ¬ 
ence of this ionization and then he was 
able to observe the anticipated deflec- 

I ion. 

2.22. Now that it had been estab¬ 
lished that the cathode rays are ac¬ 
tually a stream of particles carrying 
negative electrical charges, there still 
remained the question of the identity 
of these particles. As a result of his 
numerous experiments, Crookes had 
become convinced that the particles 
did not consist of ordinary matter; 
Him! is to say, they were neither solid, 


liquid nor gaseous. At the end of a 
lecture delivered before the Royal So¬ 
ciety of London in 1879 he said: “The 
phenomena in these exhausted tubes 
reveal to physical science a new world 
—a world where matter may exist in a 
fourth state/’ In a confession of ig¬ 
norance, Crookes referred to this as 
the “ultragaseous” state. Subsequent 
events were to prove that there was, 
in fact, no such state of matter, but it 
was nevertheless true that the study 
of electrical discharges in gases at low 
pressures was bringing to light a “new 
world” of science. The elucidation of 
the real nature and significance of the 
negatively charged, cathode-ray par¬ 
ticles was the result of a number of 
converging studies; some of the more 
important of these will now be con¬ 
sidered. 


THE ELECTRON 


Electrolysis: The Faraday 

2.23. In the early years of the nine- 
lecnl h century, following the invention 
of (lie voltaic cell as a means of pro¬ 
ducing an electric current, it was found 
llmt the passage of such current 
III rough aqueous solutions of acids, 
Alkalies and salts was accompanied 
by chemical changes which were mani¬ 
fested by the appearance of specific 
products at the two electrodes. The 
process of decomposition, either of the 
water or of the substance dissolved in 
It, ns the result of the passage of an 
electric current, was given the general 
imine of eiectrohfsiH. For example, the 
electrolysis of a dilute solution of an 
Acid, with platinum or oilier inert elec- 
I miles, almost invariably results iu 
I lie liberation of hydrogen gas at the 
electrode (cathode) attached to the 
negative pule of the cell (or battery) 


and of oxygen at the electrode (anode) 
joined to the positive pole. Similarly, 
when an appropriate salt solution, for 
example, a solution of a zinc, copper, 
iron or mercury salt, is electrolyzed, 
the corresponding metal can he ob¬ 
served to separate at the cathode. 

2.24. Some of the most fundamental 
investigations in the field of electroly¬ 
sis were made by M. Faraday (1831- 
1834), and as a result of this work he 
discovered that a given quantity of 
electricity always sets free at the elec¬ 
trodes chemically equivalent weights 
(§1.22) of different substances. In 
other words, it always requires the 
same quantity of electricity to liberate 
one equivalent weight of any sub¬ 
stance, irrespective of its nature. Care¬ 
ful experiments have shown that to set 
free exactly 1 gram cquivalent, i.e., 
I lie equivalent weight in grams, of any 
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substance at an electrode it is neces¬ 
sary to pass 96,500 coulombs o e ec 
tricity; this quantity is called a fara- 
day. 

The Atomic Nature of Electricity: 

The Elementary Gtiarc.e 
2.25. In considering the significance 
of his results, Faraday wrote: ■ ■ d 

we adopt the atomic theory or phrase¬ 
ology, then the atoms of bodies which 
are equivalent to each other m their 
ordinary chemical action, have equal 
quantities of electricity naturally as¬ 
sociated with them.” In these words 
he implied the existence of a unit, or 
atom of electricity, but apparently 
Faraday was not too sutc of his ground 
for he was very cautious about com¬ 
mitting himself to this point of view. 
Similarly, the eminent English scholar 
,f Clerk Maxwell, writing in 1873 m 
his great Treatise on Electricity and 
Magnetism, thought that, in view of 
Faraday’s results, it might he con¬ 
venient to speak of a “molecular 
charge” of electricity. But, he went on 
to say, “it is extremely improbable 
that when wc come to understand the 
true nature of electrolysis we shall 
retain . . . the theory of molecular 
charges.” This was one of the few 
respects in which time proved Maxwell 

to be wrong. . 

2,26. It was left to the Irish physi¬ 
cist G Johnstone Stoney who, during 
the’vears 1873 and 1874, was a mem¬ 
ber of the British Association Commit¬ 
tee on the Selection and Nomenclature 
of Dynamical and Electrical Units, to 
take the final plunge. At the Belfast 
meeting of the Association in 1874, he 


('haib JI 

read a paper On the Physical Units of 
Nature, which was not published until 
1881. In it he stated: “Nature presents 
us in the phenomenon of electrolysis 
with a single definite quantity of elec¬ 
tricity which is independent of the 
particular bodies acted upon. For each 
chemical bond which is ruptured wit hin 
an electrolyte, a certain quantity oi 
electricity traverses the electrolyte, 
which is the same in all cases. ... If 
we make this our unit of electricity we 
shall probably have made a very im¬ 
portant step in our study of molecular 
phenomena.” 

2 27. On the basis of this argument, 
the "quantity of electricity, referred to 
above as the faradav, which is asso¬ 
ciated with 1 gram equivalent, of any 
substance, should hear the same rela¬ 
tionship to the postulated unit of elec¬ 
tricity as the atomic weight does to 
the weight of a single atom. In other 
words, the value of the unit quantity 
of electricity should he obtained upon 
dividing the farad ay by the Avogadro 
number (§1.561. In 1868 Stoney, fol¬ 
lowing Losehmidt, had made an esti¬ 
mate of the latter number from kinetic- 
theory equations, as already described* 
and in his 1874 paper he used this re¬ 
sult together with the best available 
datum for the faraday to derive a 
value of 3 X 10- 11 electrostatic units 
(e.s.u.) for the unit of electrical 

charge.f . „ 

2-28. The concept of an atomic 
unit of electricity received powerful 
support from the eminent German 
physicist H. von Helmholtz. In the 
Faraday Lecture of the Chemical bo- 
cicty of London, in 1881, he said: 


* The coulomb is a convenient, of charge, based 
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"Now the most startling result of 
Faraday's Law [that a given quantity 
of electricity always sets free chem¬ 
ically equivalent weights] is perhaps 
(his: if we accept the hypothesis that 
(he elementary substances are com¬ 
posed of atoms, we cannot avoid con¬ 
cluding that electricity also, positive 
ns well as negative, is divided into 
i lefinite elementary portions which 
hehave like atoms of electricity.” Simi¬ 
larly, at the British Association meet¬ 
ing in 1885, Oliver Lodge stated: “This 
quantity, the charge of one monad 
nl,om, constitutes the smallest known 
particle of electricity, and is a real 
natural unit.” 

2.29. By the early 1890s the ideas 
expressed above had become widely 
accepted, and Stoney, in 1891, pro¬ 
posed the name electron for the ele¬ 
mentary unit of electric charge. Thus, 
Knraday's experiments on electrolysis, 
hy logical development, led to the 
view that in solution every electrically 
charged atom, or perhaps group of 
atoms, i.e., every ion, is associated 
with a definite whole number—one, 

I wo, three or more—of electronic 
charges. The number of unit charges 
associated with each ion is equal to its 
valence, i.e., the ionic (atomic or mo¬ 
lecular) weight divided by its equiv¬ 
alent weight. 

Gaseous Ions and the 
Elementary Charge 

2.30. Since the foregoing conclusions 
were reached from studies of solutions, 
Hie estimated magnitude of the unit 
electronic charge, namely, about 10 -10 
e s.u., could be regarded as applying 
only to the electrical carriers (ions) in 
solution. In the years 1890 to 1892, 
several attempts were made to deter¬ 
mine the unit charge associated with 
other electrically charged bodies, nota¬ 
bly hy F. Biolmrz and H. Ebert, in 


Germany, and by A. Chattock, in 
England. Although some of the meth¬ 
ods used were based on theoretical 
considerations of doubtful validity, it 
is a remarkable fact that the values of 
the elementary (or unit) charge were 
almost invariably found to be in the 
vicinity of 10 -10 e.s.u., so that Chat¬ 
tock (1891) was moved to say: “I can¬ 
not help thinking that . . . [the re¬ 
sults obtained by a variety of meth¬ 
ods] furnish strong grounds for sup¬ 
posing that electrified atoms in gases 
are associated with the same quantity 
of electricity as in electrolysis.” 

2.31. More definite confirmation of 
this point of view was obtained in 
England by J. S. Townsend in 1897. 
If a solution of acid or alkali is elec¬ 
trolyzed with a large current, the gases 
—hydrogen and oxygen-—which are 
liberated, are ionized. When these 
electrically charged gases are bubbled 
through water they form a dense cloud, 
apparently as a result of the conden¬ 
sation of moisture on the gaseous ions 
(§6.67). The cloud thus consists of 
minute drops of water carrying electric 
charges. From the total weight of the 
water contained in the cloud, and the 
average weight of a drop, derived from 
the measured radius and the known 
density, it is possible to calculate the 
number of individual drops in the 
cloud. Townsend measured the total 
charge on the cloud by means of an 
electrometer, and knowing the number 
of drops present, it was a simple mat¬ 
ter to determine the average charge as¬ 
sociated with each drop. If the assump¬ 
tion is made that a gaseous ion upon 
which the moisture condenses carries 
a single elementary electric charge, 
this result is the magnitude of the unit 
(electronic) charge. The value found 
in this manner was 3 X 10“ 10 , later cor¬ 
rected to 5 X 10^ 10 , e.s.u., in satisfac¬ 
tory agreement with the unit charge 
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borne by ions in solution. Similar re¬ 
sults were obtained in the year 1898 by 
J. J. Thomson in his studies of the elec¬ 
tric charge carried by gaseous ions pro¬ 
duced by X-rays in their passage 
through air and hydrogen (§ 2.89). 

Determination of the 
Electronic Charge 

2.32. By the turn of the century 
there was no longer any doubt about 
the existence of a definite unit of electric 
charge, namely, the electronic cliaige. 
Scientific interest then became cen¬ 
tered upon methods for the detei- 
min ation of a really accurate value of 
this charge. In 1903, J. .1. Thomson 
had used the rays emitted by radium 
(§ 2.111) to ionize the air, and had then 
measured the average charge per ion, 
but this work did no more than supply 
further confirmation of views already 
established. However, in the same 
year, a technical advance was made in 
Thomson’s laboratory in England by 
II. A Wilson, later of the Rice Insti¬ 
tute, Houston, Texas, and this proved 
to be the basis for some of the most 
important subsequent investigations. 
He showed that it was possible to 
avoid the inaccurate and difficult de¬ 
termination of the total charge on 
the cloud of water droplets condensed 
upon ions, as used hv previous workers, 
by studying the rate of fall ol the cloud 
under gravity and also under the in¬ 
fluence of an electric field. 

2.33. Further improvements were 
made in 1909 by F. Ehrenhaft in 
Austria, and by R. A. Millikan in the 
United States; instead of making ob¬ 
servations on a cloud as a whole, anti 
so obtaining a gross average. Ehren¬ 
haft. studied individual suspended par¬ 
ities of gold, silver, platinum and 
phosphorus, whereas Millikan worked 
with single water droplets. Later 
(1911) Millikan used oil, instead of 
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water, to form the droplets, and thus 
eliminated errors due to evaporation, 
and consequent change in weight of the 
drops, during the course of an experi¬ 
ment. 

2.34. In outline, Millikan's appa¬ 
ratus consisted of two horizontal metal 
plates about 22 cm. diameter and _l.fi 
cm. apart, as indicated by A and B in 
Fig. 2.1. The plates were supported in 



Fig 2 1 Diagrammatic representation of 
apparatus used by Millikan to determine 
electronic charge. 

a closed vessel containing air at low 
pressure, and were connected to the 
poles of a high-voltage (10,000 volts I 
battery, V. In the upper plate there 
were a number of small holes, as indi¬ 
cated at C. By means of an atomizer 
a fine spray of a nonvolatile oil was 
I introduced into the vessel; as a result 
I of friction in the atomizer, the droplets 
of oil so obtained were electrically 
charged. From time to time, one of 
these droplets would pass through the 
hole C, and then it could be observed 
bv means of a telescope (not shown in 
figure). By using the illumination of a 
powerful beam of light, entering the 
window IF (at left), the droplet ap¬ 
peared as a bright star on a dark back- 
ground. 

2 35. With the battery V discon¬ 
nected, the droplet fell slowly under 
theintluenee of gravity, and I he ruteof 
| fall was measured. This rale, or ve¬ 
locity, represented by vq, ,s dependent 
on Hu' mass m of the droplet, and is 
I given by the equation 
| v\ - km\h ( 2 . 1 ) 
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where g is the gravitational constant 
(981 cm. per sec. per sec.), and k is a 
proportionality constant which is re¬ 
lated to the viscosity of the air and 
I he size of the oil droplet. The high- 
voltage battery was then switched on, 
thus producing an electric field, the 
direction being such as to make the 
charged droplet move upward , against 
I he force of gravity. If E is the 
strength of the electric field, i.e., the 
voltage of the battery divided by 
the distance between the plates, then 
the upward force acting on the droplet 
is Ee n , where e n is the charge carried by 
the droplet. Since this is opposed by 
I lie gravitational force mg, the net up¬ 
ward force is Ee n — mg ; the upward 
velocity v 2 of the oil droplet, which is 
measured, is then represented by 

1*2 = k(Ee n - mg), (2.2) 

the proportionality constant k having 
I he same significance as in equation 
(2.11. If one of these two equations is 
divided by the other, the constant k 
cancels out, and the result is 

Vi = mg 

v 2 Ee n — mg 

or 

e n = jr~ (D + »?)■ 

2.36. Since the quantities tq, v 2 , E 
and g are available, it should be pos¬ 
sible to calculate the charge e v carried 
by the oil drop, provided its mass m 
wore known. In order to determine 
the latter, Millikan, like several of his 
predecessors, employed an equation, 
derived by the English mathematician 
< I, Cl, Stokes, applicable to small spher¬ 
ical drops falling under the influence of 
gravity. According to Stokes, the ve¬ 
locity tq, with which the droplet falls in 
air under the influence of gravity alone, 
In related to the coefficient of viscosity, 


(2.3) 

(2.4) 


i.e., resistance to flow, ?? (Greek, eta), 
of the air and the radius r of the drop 

by 


Vi 



(2.5) 


where d is the density of the oil of 
which the drops are made. Since V\ 
has been determined, as described 
above, and g, tj and d may be regarded 
as known, the radius r of the drop can 
be obtained from equation (2.5). 

2.37. If the oil drop is spherical, as 
assumed, the mass m is related to the 
radius r by 

m = (2.6) 

the quantity 7r having its usual signifi¬ 
cance. The value of r has just been 
derived, and the density d of the oil is 
known; hence the mass m of the drop 
can be calculated. Upon inserting this 
result into equation (2,4V, together 
with the measured velocities tq and v 2 , 
the magnitude of the charge e n carried 
by the oil droplet can now be deter¬ 
mined. . 

2.38. By exposing the air in the 
vessel in Fig. 2.1 to the action of 
X-rays, Millikan caused gaseous ions 
to form, and occasionally an oil drop 
would attach itself to one of these ions 
with a consequent change in the value 
of e„, the charge of the droplet. The 
new upward velocity v 2 of the oil drop 
in the electric field was measured, and 
e n recalculated, tq and m remaining 
unchanged. Sometimes the droplet ac¬ 
quired a positive charge and sometimes 
a negative charge, but the experi¬ 
mental method was the same, except 
that the high-voltage battery connec¬ 
tion lmd to be reversed. 

2.39. As a result of a large number 
of measurements, Millikan found that 
the charge e n was always an integral, 
i.o., a whole number, multiple of a 
definite elementary charge, which was 
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presumably the electronic charge. After | 
applying numerous corrections to the 
foregoing equations, Millikan con¬ 
cluded, in 1917, that, the most reliable 
value of the unit charge was 4.774 X 
IQ-io e S Ui For several years, tins 
value was widely accepted, but in 1928 
the work of E. Backlin, in Sweden, and I 
of J. A. Bearden, in the United States, | 
began to throw some doubt upon its ^ 

accuracy. , 

2.40. By the middle of the second 

decade of the present century, the 
faraday (§ 2.24) had been determined 
with great care both in the United 
States and in England, and hence its 
value was known with some certainty. 
An accurate determination of the Avo- 
gadro number would then have per¬ 
mitted the evaluation of the electronic 
charge, utilizing the principle first em¬ 
ployed by Stoney (§ 2.27). If the wave . 
lengths of X-rays were available, then ; 
the Avogadro number, and conse¬ 
quently the electronic charge, could 
he obtained from diffraction studies 
in crystals (§ 2.93V. In 1926, A* H. 
Compton and R- L- m do 

United States, showed how X-ray 
wave lengths could be measured by 
means of a ruled line grating (5 4.1U1, , 
and it was as a result of experiments of 
this kind that Backlin and Bearden 
found the electronic charge to be 
slightly higher than Millikan s value, 
namely, 4.80 X 10~ 10 e.s.u. Other in¬ 
vestigators, using a generally similar 
procedure, subsequently confirmed this 

result. . , 

2.41. Although the difference be- 
tween 4.77 X lCU 10 and 4.80 X 10 
may not appear large, it is much 
greater than the known experimental 
errors in the respective methods. Many 


scientists were concerned with this dis¬ 
crepancy, and in 1932 E. Shiba, of 
Japan, suggested that the value for the 
viscosity of the air used by Millikan, 
in equation (2.5), might have been m 
error. Actually, Millikan had adopted 
what he thought was the most reliable 
published datum, but, as events turned 
out, this proved to be incorrect. Upon 
recalculating the results of his experi¬ 
ments, making use of more recent vis¬ 
cosity determinations, Millikan found 
the elementary electronic charge to be 
in good agreement with that given by 
the X-ray method. At the. present 
time, from various studies, using both 
: oil drop and X-ray diffraction pro¬ 
cedures, the unit electronic charge is 
I confidently known to be very close to 
4.803 X 10 -10 e.s.u.* This value ap¬ 
plies to both positive and negative unit 
charges. 

Specific Charge of Cathode 
Ray Particles 

2.42. It is opportune, at this point, 
to revert to a consideration of the 
cathode rays which, in 1897, J. 
Thomson showed to consist of a stream 
of negatively charged particles origi¬ 
nating from, or in the vicinity of, the 
negative electrode, i.e., the cathode, of 
an evacuated discharge tube (§2.21). 
Even before this time, while the con¬ 
troversy as to the nature of the cathode 
rays was still in progress, experiments 
and calculations had been made on the 
properties of the rays, in the event that 
they should prove to consist of charged 
particles. If a stream of such particles 
moves initiallv in a straight line, and a 
I magnetic field is applied in a direction 
at right angles to the direction of mo- 
lion, the particles will he forced by the 


. a,. ^.«.» »» . sa Si'S' & tx&t 

and R- A. Mfifiksn. on the other '«n<h ™ n J f <<^,h-olc(!t.ron.” having n charge 

aettSW vWh"Va — ,ri 10 . 
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field to follow a circular path (Fig. 2.2). 
If e is the magnitude of the charge 
carried by each particle and v is the 
velocity with which it moves, the mag- 



Fig. 2.2. Path of charged particle moving 
in a magnetic field at right angles to direc¬ 
tion of motion. 


netic force acting on a particle is Hev 1 
where H is the magnetic field strength. 
'Hus force is exactly balanced by the 
centrifugal force mv 2 /r of the particle 
of mass m moving, under the influence 
of the field, in a circular path of radius 
r. Hence, equating the two expres- 
nions, 


Hev = 


mv A 


ho that 


(2.7) 


e _ v 
m Hr 


( 2 . 8 ) 


The strength H of the magnetic field 
may be regarded as known, and so if 
I he velocity of the charged particles 
and the radius of curvature of the cir¬ 
cular path they follow could be meas¬ 
ured, the value of e/m, i.e., the ratio of 
I heir charge to mass, sometimes called 
I lie specific charge , could be determined 
by means of equation (2.8). 


2.43. The foregoing considerations 
apply to any charged particles irrespec¬ 
tive of charge and mass, and they were 
applied by A. Schuster in England, in 
1890, to cathode rays. He measured 
the radius of the circular path in a 
magnetic field without difficulty, but 
his estimate of the velocity of the par¬ 
ticles was highly approximate. As a 
result his value of e/m was incorrect, 
and he drew the erroneous conclusion 
that the cathode-ray particles were 
negatively charged, gaseous atoms, 
probably nitrogen ions. In the early 
part of 1897, both E. Wiechert and W. 
Kaufmann, in Germany, reported re¬ 
sults of measurements on the path of 
cathode rays in a magnetic field. Their 
determinations of the velocity of the 
particles—about one-tenth of the speed 
of light, i.e., 3 X 10 9 cm. per sec.— 
proved to be fairly accurate and their 
values of e/m, expressing the charge 
e in e.s.u. and the mass m in grams, 
were approximately 10 17 e.s.u. per 
gram.* Kaufmann found the value of 
e/m for the cathode-ray particles was 
the same irrespective of the nature of 
the gas present in the discharge tube, 
or of the conditions of the discharge. 
By comparing his results with the e/m 
calculated for a hydrogen ion in so¬ 
lution, approximately 3 X 10 14 e.s.u. 
per gram,f Wiechert concluded that 
the particles had a mass of something 
between a one-thousandth and a four- 
thousandth part of the mass of a hy¬ 
drogen atom (or ion). However, it was 
left to J. J. Thomson to appreciate the 
importance of similar results, which he 
obtained independently, and to inter¬ 
pret their significance. 


* Nijjiv t fm iMmuirmliona generally involve wLudiet! in a magnetic field, it in fhp custom 
i" rxiui'MN Ilium in t h'rlrtrmnyiniiv units (ejn.u.) per gmm. rather Ilian in HeHroslatic units. 
I lie (atier are lined line lo avoid the eonfumon remilling from the employment of different 
o Lh’ina. The jut converted into run.u. upon dividing hy >1 X Hl HI . 

I Thin ifvmli in cdilmtiril upon dividing I In- unit (ulurlmtuu) charge carried by a hydrogen 
n<ti in mriiitidn, i.e., \Mx Hf lu l>y the mum of u hydrogen atom (or ion) 1.6 X 10 ^ 

Mi am 11 ! Ji n 
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Thomson’s Experiments 

2 44. Because of the part they played 
in the study of atomic structure, 
Thomson’s experiments, although not 
of the greatest accuracy, have become 
classical. In order to determine the 
velocity of the cathode-ray particles, 
required in connection with equation 
(2.8), he made use of an idea which, 
curiously enough, had been indicated 
in 1883 by H. Hertz, one of the oppo¬ 
nents of the view that the cathode rays 
consist of charged particles. A moving 
charged particle can be deflected from 
its initial path by the application of 
cither an electric or a magnetic held. 
As seen in § 2.35, the force acting on a 
particle of charge e in an electric field 
of strength E is Ee, whereas in a mag¬ 
netic field of strength //, the force, as 
stated above, is Hev, where v is the 
speed of the particle. If the electric 
and magnetic fields are arranged so 
that 1 their effects on a moving charged 
particle exactly compensate each other, 
and the particle is not deflected from 
its path, it follows that 

Hev = Ee, (2.9) 

and hence 



It should thus he possible to determine 
the speed of motion v of electrically 
charged particles from the strengths of 
(he compensating electric and mag¬ 
netic fields. Introduction of this re¬ 
sult into equation (2.8) will permit e/m 


to be obtained from the radius of 
curvature of the path in the magnetic 
field alone. 

2.45* The experimental procedure 
used by Thomson may be explained 
by means of Fig. 2.3. The rays were 
emitted from the cathode C, m an 
evacuated tube, passed through a hole 
in the anode A, and a narrow beam 
was picked out by the slit S. By con¬ 
necting the plates PP, within the tube, 
to a source of high voltage, the cathode 
ravs were subjected to the action ol an 
electric field, and a magnetic field was 
applied by means of a magnet M out¬ 
side the tube. The deflection of the 
beam was studied by observing the 
luminous spot produced by the rays 
when striking the wall of the tube at 
the extreme right, a scale F permitting 
actual measurement. After noting the 
position of the undeflected beam, i.e., 
with neither electric nor magnetic 
fields operating, the magnetic field H 
only was applied, and from the de- 
flection the radius of curvature r of the 
circular path could be calculated. 
Then the electric field was put on and 
its magnitude E was adjusted so as to 
bring the luminous spot back to its 
original position. Thus the inioiilla¬ 
tion required to determine v by equa¬ 
tion (2.10), and hence e/m by equation 
(2.8), was available. 

2.46. In agreement with previous 
workers, Thomson found that the 
cathode-ray particles moved with the 
enormous speed of 3 X 10 9 cm. per 
sec., and that ejm was about 2 X 10 



F 


Fio 2.3. Thomson’s method for studying charged particles by deflection 
in electric ami magnetic fields. 
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e.s.u. per gram. Further, he noted that 
I he results were the same for different 
cathode materials, namely, aluminum, 
iron and platinum, and also for differ¬ 
ent gases, air, hydrogen and carbon 
dioxide, present in the discharge tube. 
Hence, Thomson concluded that the 
“carriers of the electric charge in the 
cathode rays are the same whatever 
the gas through which the discharge 
passes/’ He went on to say: “The 
explanation which seems to me to ac¬ 
count in the most simple and straight¬ 
forward manner for the facts is founded 
on the view of the constitution of the 
chemical elements which has been fa¬ 
vorably entertained by many chemists: 
this view is that the atoms of the dif¬ 
ferent chemical elements are differ¬ 
ent aggregations of . . . [ultimate par- 
tudesl of the same kind. * • * If, in the 
very intense field in the neighbourhood 
of the cathode, the molecules of the gas 
are . . . split up, not into ordinary 
chemical atoms, but into these pri¬ 
mordial atoms which we shall for 
brevity call corpuscles; and if these 
corpuscles are charged with electricity 
und projected from the cathode by the 
electric field, they would behave ex¬ 
actly like the cathode rays. This would 
evidently give a value of m/e [or e/m ] 
which is independent of the nature of 
the gas . . . for the carriers are the 
Name whatever the gas may be. . . . 
rims we have in the cathode rays 
matter in a new state, a state in which 
the subdivision of matter is carried 
very much further than in the ordinary 
gaseous state; a state in which all 
matter—that is, matter derived from 
different sources such as hydrogen, 
oxygen and carbon—is one and the 
Name kind; this matter being the sub¬ 
stance from which all the chemical 
elements are built up.” Thus, the 
negatively charged, cathode-ray cor¬ 
puscles wero believed by Thomson to 
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be the ultimate particles of which all 
matter was constituted. 

2.47. As seen above, the e/m value 
found for the corpuscles was roughly 
a thousand times greater than for the 
hydrogen ion in solution; for this differ¬ 
ence there were two possible expla¬ 
nations. Either the charges e were 
approximately the same, so that the 
cathode-ray particles would be some¬ 
thing like a thousand times lighter 
than a hydrogen atom, or the masses 
m might be of the same order, in which 
case the corpuscles would carry a much 
larger charge than the elementary elec¬ 
tronic charge. As indicated earlier 
(§ 2.43), Wiechert apparently favored 
the former view. Thomson, on the 
other hand, was at first inclined to the 
latter alternative, but further experi¬ 
mental work caused him to change his 
mind. 

The Electron as a Particle 

2.48. In 1899, Thomson set out to 
resolve the doubt concerning the sig¬ 
nificance of the e/m values of the cor¬ 
puscles by determining directly their 
charge, as well as the charge-to-mass 
ratio. Unfortunately, this could not be 
done with the cathode-ray particles, 
and so he turned to another source. 
It was well known toward the end of 
the nineteenth century that ultraviolet 
light falling on certain metals, par¬ 
ticularly zinc, was associated with the 
emission of negatively charged par¬ 
ticles, a phenomenon known as the 
photoelectric effect . Thomson deter¬ 
mined the e/m ratio for these particles, 
by means of electric and magnetic 
fields, and found it to be virtually the 
same as for the cathode-ray corpuscles. 
Charged particles produced by an in¬ 
candescent filament, i.e., by the therm¬ 
ionic effect, also had a similar e/m 
value. Utilizing the cloud method, de¬ 
scribed in §2.31, Thomson measured 
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the charge on the photoelectric par¬ 
ticles; this turned out to be not essen¬ 
tially different from the unit electronic 
charge. In view of the constancy of 
e/m for the negatively charged par¬ 
ticles produced in different ways, it was 
reasonable to conclude that the parti¬ 
cles were identical. 

2.49. In the words of Thomson: 
“The experiments just described, taken 
in conjunction with previous ones . . . 
on cathode rays, show that in gases at 
low pressures negative electrification, 
though it may be produced by very dif¬ 
ferent means* is made up of units 
each having a charge of electricity of 
a definite size; the magnitude of this 
negative charge is . . . equal to the 
positive charge carried by the hydro¬ 
gen atom [ion] in the electrolysis of 
solutions.” 

2.50. Since their charge is equal to 
that carried by a hydrogen ion, it is 
clear that the mass of the negative 
particles, irrespective of their origin, 
must 1 be about a thousandth part of 
that of a hydrogen atom. As Thomson 
pointed out, these are the lightest par¬ 
ticles hitherto recognized as capable of 
a separate existence. The fact that the 
same particles are produced in different 
ways—by electric discharge and by 
photoelectric and thermionic effects— 
lends support to the view that they are 
ultimate constituents of all matter. 

2.51. Because the charge on the par¬ 
ticles present in the cathode rays, and 
associated with the thermionic and 
photoelectric effects, was identical with 
the elementary electronic charge, the 
name electron, originally intended by 
Stoney (§2.29) for the magnitude of 
the charge, soon became associated 
with the actual particles themselves. 
Possibly in the interest of strict ac¬ 
curacy, Thomson adhered to the term 
corpuscle for about twenty years, but 
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ultimately he gave it up in favor of 
electron. At the present time, the 
electrically charged particles, carrying 
a negative charge of 4.803 X 10~ 10 
e.s.u., and having a mass slightly more 
than a two-thousandth part of that of 
a hydrogen atom, are called electrons. 
They are undoubtedly fundamental 
constituents of all material atoms. 

2.52. As matter is normally elec¬ 
trically neutral, that is to say, it is not 
electrically charged, it follows that 
there must be something in the atom 
which carries a positive charge to bal¬ 
ance the negative charge of the elec¬ 
trons. This subject will be considered 
more fully in Chapter IV. In the 
meantime, it may be stated that the 
positive charge is an integral part of 
the atom, but the electrons can be 
made to pass from one atom to an¬ 
other. A negatively charged body is 
thus one which contains more electrons 
than in the normal, or neutral, state; 
a positively charged body is one with 
fewer electrons than in the neutral 
state. Thus, when glass is rubbed with 
silk, electrons pass from the glass to the 
silk so that the former acquires a posi¬ 
tive electric charge and the latter a 
negative charge. A positive ion is an 
atom or group of atoms which has been 
deprived of one or more of its electrons, 
whereas a negative ion is an atom or 
group which has acquired additional 
electrons. 

2.53. A flow of electric current is 
invariably accompanied by a flow of 
electrons from one pole to another. 
Since the electron carries a negative 
charge the direction of flow is opposite 
that of the conventional flow of the 
positive electric current. This appar¬ 
ently anomalous situation is the re¬ 
sult of Franklin's somewhat arbitrary 
choice of electrified glass as positive 
rather than negative (§ 2.4). If he had 


* The present writer has italiciied this phrase became of it* importance* 
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made the opposite choice, the con¬ 
ventional charge of the electron would 
have been described as positive, in¬ 
stead of negative. The direction of 
flow of the positive current would then 
have been the same as that of the 
electrons. 

Specific Charge of the 
Electron 

2.54. During the present century 
numerous determinations of the spe¬ 
cific charge, i.e., of the charge-to-mass 
ratio, of electrons have been made. 
Home of these depend on a study of 
their behavior in various types of elec¬ 
tric and magnetic fields, while others 
are based on spectroscopic measure¬ 
ments. It will be shown later (§ 4.42) 
that the characteristic light emitted, 
or absorbed, by an atom, known as its 
9]iectrum, is determined by the elec¬ 
trons. Consequently, relationships have 
been developed among the properties 
of the electron and the frequencies, or 
wuve lengths, of spectral lines. 

2.55. Further, as the Dutch physi¬ 
cist P. Zeeman showed in 1896, certain 
of these spectral lines are split up into 
component lines when the substance 
emitting the spectrum is placed in a 
very intense magnetic field. The fre¬ 
quency difference between the com¬ 
ponents is related to the field strength 
and also to the specific charge e/m of 
the electron. From his earliest meas¬ 
urements of the splitting of spectral 
lines in a magnetic field, Zeeman cal¬ 
culated the specific charge of the elec¬ 
tron to be about 3 X 10 17 e.s.u. per 
gram, in striking agreement with the 
value obtained in the same year by 
Thomson, and others, from cathode- 
ruy studies. The frequencies of spectral 
lines can now be measured with great 
precision, so that e/m can be obtained 


with a high order of accuracy. The 
general conclusion, from experiments 
of various kinds is that the best value 
for the specific charge of an electron is 
5.273 X 10 17 e.s.u. per gram. 

Mass and Size of the Electron 

2.56. Since both the actual charge e 
and the specific charge e/m of the elec¬ 
tron are now known, it is obviously a 
simple matter to calculate the mass m 
of a single electron. All that is neces¬ 
sary is to divide e, which is 4.803 X 
10 -10 e.s.u., by e/m , i.e., 5.273 X 10 17 
e.s.u. per gram, and the result is 9.108 X 
10-28 g ram f or the mass of an electron. 
Upon comparing this with the mass of 
a hydrogen atom, i.e., 1.673 X 10 -24 
gram, it is seen that it would require 
1837 electrons to have the same mass 
as an atom of hydrogen. On the usual 
chemical atomic weight scale, with 
atmospheric oxygen being assigned a 
value of 16.000, the weight of an elec¬ 
tron is 0.000548, as is found either 
upon multiplying the actual electron 
mass by the Avogadro number or by 
dividing the atomic weight of hydrogen 
by 1837. The electron is thus con¬ 
siderably lighter than the atom of even 
the lightest element. 

2.57. Attention should be called 
here to the fact, which will be under¬ 
stood later (see Chapter III), that the 
apparent mass of an electron depends 
on the speed with which it is moving. 
The mass value recorded here is appli¬ 
cable when the electron is either at rest 
or moving at a relatively low speed, 
say, less than about one tenth of the 
velocity of light.* It is consequently 
referred to as the rest mass of the 
electron. 

2.58. After the discovery of the elec¬ 
tron and the realization of its ex¬ 
tremely small mass, the possibility was 


*Tlm velocity of light is clone to 3 X 10 10 cm. per boo. (§ 3.14b no that one tenth of the 
velocity of light in about 3 X 10“ cm., or 18,600 miloN, per sec, Thin in actually n very high 
npced, but it may bo regarded an relatively slow compared with the npoftd of light. 
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considered that this might be due en¬ 
tirely to its electric charge. In the 
scientific sense, a body is said to have 
mass or inertia when energy (work) 
must be supplied to set it in motion. 
In other words, if energy is required to 
start a body moving, it must, by the 
definition, possess mass, in its most 
general sense. A moving electric charge, 
no matter what its nature, produces a 
magnetic field in its vicinity, and since 
establishment of such a field requires 
energy, it follows that energy is needed 
to set the charge in motion. Conse¬ 
quently, the charge must be associated 
with mass or, at least, with something 
that behaves like, and therefore can¬ 
not be distinguished from, mass. Such 
mass is said to be electromagnetic. 
Since the electron carries an electric 
charge, and does, in fact, produce a 
magnetic field when in motion, it must 
have, at least, electromagnetic mass. 
If the assumption is now made that 
the niass of the electron derived above 
•is entirely electromagnetic, it is pos¬ 
sible to calculate the radius of an 
electron. 

2.59. Several years before he had 
become interested in cathode rays, 
J. J. Thomson in 1881 had derived an 
equation, from theoretical principles, 
relating the electromagnetic mass m of 
a spherical charged particle of radius 
r, to its charge e expressed in electro¬ 
magnetic units (see §2.43, footnote), 
thus, 
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This equation is strictly applicable 
only when the charged particle is mov¬ 
ing relatively slowly, and hence the 
rest mass of the electron may be used. 
Taking e as 4.80 X 10 —10 /3 X 10 10 
e.m.u. and m as 9.1 X 10~' 28 gram, the 
radius of the electron is found from 
equation (2.11) to be 2 X 10 -13 cm. 
This figure may be taken as an indi¬ 
cation of the size of an electron, on the 
basis of two assumptions: first, that its 
charge is uniformly distributed over a 
spherical surface, and second, that its 
rest mass is purely electromagnetic in 
nature, that is to say, assuming the 
apparent mass of the electron to be 
due entirely to its charge.* If it should 
transpire that part of the mass is due to 
other causes, the radius would be some¬ 
what greater than 2 X 10 —13 cm. The 
result cannot be regarded as very exact, 
in any event, because it is doubtful 
whether the theory used in the deriva¬ 
tion of equation (2.11) is applicable to 
a particle as small as an electron. 
However, in so far as an electron can 
be regarded as having a definite radius 
(see § 3.45), it is probably safe to say 
it is about 2 x 10 -13 cm. 

2.60. As indicated in § 1.65, the 
radii of most atoms are in the vicinity 
of 2 X 10" 8 cm., and consequently the 
radius of the electron is about 10 -5 , i.e., 
one hundred-thousandth, of the radius 
of an average atom. In the bowl of 
water magnified to the size of the 
earth, referred to in § 1.55, an electron 
would be so small that it would be 
barely visible in a good optical micro¬ 
scope! 


♦Although J J. Thomson was responsible for !he defmile proof of the existence of the 
electron and also for the derival ion of the equation for eleelronmguHic iuium. U*>»i 
Rayleigh, in The Life of Sir J. J. Thomson. Cambridge University Press. 1942. stiyn that hr 
did not at fu>! favor the idea that lim mass of the rhrlrnn was rniirHy Hrrlrnmatmehr in 
origin, blit it heetnue arrepted berniisr uf its advocacy by Oliver Lmlge and others. 
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THE PROTON, ANTIPROTON AND POSITRON 


Positive Rays and the Proton 

2.61. After the discovery of the neg¬ 
atively charged electron, it was natural 
that search should be made for a corre¬ 
sponding particle carrying a positive 
charge. In 1886, E. Goldstein, in Ger¬ 
many, had used a perforated metal disc 
as a cathode in a discharge tube, and 
observed luminous rays emerging in 
straight lines from the holes on the side 
away from the anode (Fig. 2.4). These 


.ANODE / POSITIVE RAYS 



Frn. 2.4. Positive rays emerging from 
holes in the cathode on the side away 
from the anode. 

fa vs were originally railed canal rays , 
inre they passed through holes, or 
channels, in the cathode/ By collect¬ 
ing the rays in a Faraday cylinder, 
I Perrin (18951 showed that they were 
HMHociated with a positive charge, and 
I his was confirmed by W. AVien in 1898 
hy studying their deflection in electric 
mid magnetic fields. Consequently, 
■I, J, Thomson later (1907) proposed 
Hip more appropriate name positive 
rays, and this has been universally 
adopted. 

2,62. fn the course of his work, AA^ien 
Imd determined the charge-to-mass 
I'atin (r/m i of tlie particles present in 
(hr positive rays, and found that the 
Values were very much smaller than 
Hint for electrons, and often less than 
for Hie hydrogen ion in solution. As- 
aiming, as is very probable, that the 
charge carried by the positive particles 
I* a small integral number of elemen¬ 


tary charges, the only conclusion to be 
drawn is that the particles in the posi¬ 
tive rays are much heavier than elec¬ 
trons, being actual atoms or molecules 
which have become electrically 
charged. With a discharge tube con¬ 
taining air, AVien found the masses of 
the particles indicated that they con¬ 
sisted of oxygen or nitrogen mole¬ 
cules. Subsequent work proved that, in 
general, the masses of the positively 
charged particles were determined by 
the gas present in the discharge tube. 

2.63. Apart from the sign of the 
electric charge, the positive rays thus 
differ in two respects, at least, from 
cathode rays. In the first place, the 
particles in the positive rays consist of 
actual atoms or molecules, whereas in 
the cathode rays they are very much 
smaller and lighter even than hydro¬ 
gen; and, in the second place, the cath¬ 
ode-ray particles arc independent of 
the nature of the gas in the discharge 
tube or of the cathode material, but in 
the case of the positive rays the par¬ 
ticles are usually charged atoms or 
molecules related to the gas in the 
tube. 

2.64. In spite of a very thorough 
search, no positively charged particle 
similar to the electron was found in the 
discharge tube. The lightest particle 
so observed, which the New Zealand- 
born physicist Ernest Rutherford, in 
1914, described as the “long sought 
positive electron,” had the same mass 
as the hydrogen atom and carried one 
unit (positive) charge, equal in mag¬ 
nitude, but of opposite sign, to the 
charge carried hy an electron. In other 
words, it is a singly charged, positive 
hydrogen ion, H + . This presumably 


♦OoWNlrin called the rays KnnnMrahlon, which should perhaps have been translated as 
channel my* rather than “canal rays/' 
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consists of a hydrogen atom from 
which one electron has been removed, 
apparently as a result of a collision in 
the discharge tube, leaving it with an 
equivalent positive charge.* By 1920, 
a number of circumstances, to which 
reference will be made in Chapter 
VIII, had arisen, indicating that the 
positively charged hydrogen atom just 
described represented an important 
unit in the structure of other atoms. 
The name proton was consequently as¬ 
signed to it.f Since the weight of the 
hydrogen atom is 1837 times that of 
the electron, it follows that the weight 
of a proton, which is a hydrogen atom 
minus one electron, is 1836 times as 
great as that of an electron. 

The Positive Electron 
or Positron 

2.65. In spite of the absence of ex¬ 
perimental evidence for the existence 
of a positive electron, i.e., a particle 
similar in mass to the electron but 
carrying a positive charge, the English 
mathematical physicist P. A. M. Dirac 
had, in 1930, presented some theoreti¬ 
cal arguments indicating that such a 
particle was possible. Dirac’s discus¬ 
sion was of a highly abstruse charac¬ 
ter, but it may be summarized, some¬ 
what superficially, as follows. Ordi¬ 


nary negatively charged electrons 
must be able to exist in two different 
types of energy states, called positive 
and negative. These terms have no 
relationship to the electric charge, but 
refer to energy values relative to a cer¬ 
tain zero state. If one of the possible 
negative energy states is not occupied 
by an electron, there is a vacancy— 
sometimes referred to as a Dirac 
“hole,” although it is not a hole in 
the ordinary three-dimensional sense 
—which should behave like a posi¬ 
tively charged electron with positive 
energy. 

2 .66. At first Dirac thought that 
this represented a proton, since no 
positive electron had been observed, 
but it was soon seen that such could 
not be the case. In the first place, the 
mass of the proton is much greater 
than that of the electron, whereas the 
theory required the positive particle 
to have the same mass as the negative 
electron. In the second place, since 
Dirac’s hypothetical positive electron 
is really a vacant “hole,” it can readily 
be filled by an ordinary negative elec¬ 
tron. In other words, the positive elec¬ 
tron should have a very short life, be¬ 
cause a negative electron, of which 
there are many always available, 
should quickly combine with it. The 


* It may be remarked that this is in accord with the ideas expressed by Benjamin 
Franklin referred to in § 2.2. 

t From the Greek protos (first). Various reports concerning the origin of the term proton 
are to be found in the scientific literature. The following is a quotation from a footnote by 
E. Rutherford to a paper by 0. Masson, written in 1920* “The question of a suitable name 
for this unit Ike., the positively charged hydrogen atom] was discussed at an informal 
meeting of a number of members of Section A 1 Physical of the British Association at 
Cardiff this year, . , . The name 'proton 1 met with general approval, particularly as it 
suggests the . . term 'protyle* given by Prout in his well-known hypothesis IS 1.38] that 
alb atoms are built up of hydrogen. . , . The need of a Special name for the . . . unit of 
mass 1 w.ts drawn attention to at the Sectional Meeting, and the writer t Rutherford! then 
suggested the name 'proton.'” It should be noted that Rutherford does not claim to have 
made the original suggestion, but only to have put it forward at, the formal meeting of 
Section A. Lodge referring to the matter says: “At the Cardiff Meeling of the British 
Association. Sir Ernest Rutherford suggested, or tents lively approved l he suggestion, that 
the name 'proton' should be applied to this hydrogen . . . unit of positive charge.” There 
is thus some doubt concerning the identity of the individual who suggested the name in this 
particular ennnection, A etna lly, the term proton is to he found in l he scientific literature as 
fur back as MJtlfi, and possibly earlier, being used m a general sense to refer lo the funda¬ 
mental unit, analogous to protyle, from which all elements are built Up, 
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two charges will then neutralize and 
annihilate one another, leaving noth¬ 
ing but energy (§ 3.84). Actually, the 
proton is quite stable, and so it cannot 
satisfy the requirements of the par¬ 
ticle which would be the equivalent of 
the Dirac “hole.” 

2.67. Proof of the existence of the 
long-sought positive electron was fi¬ 
nally obtained by C. D. Anderson, at 
the California Institute of Technology, 
in 1932. In order to study the so-called 


2.68. When the cloud chamber was 
operated, numerous tracks were ob¬ 
served due to charged particles result¬ 
ing from the impact on matter of the 
very highly energetic cosmic rays. A 
lead plate of 6 mm. thickness was 
placed across the chamber with the 
object of depriving the particles of 
some of their energy, and, as Anderson 
stated in his Sigma Xi Lectures in 
1939, “the degree of the curvature in 
the magnetic field shows a difference, 



Fig. 2.5. Cosmic-ray photograph obtained 
by Anderson which led to the discovery of the 
positron. 


cosmic rays (see Chapter XVIII), 
which appear to come from outer 
space, Anderson, in conjunction with R. 
A. Millikan (§2.33), had constructed 
illi apparatus, known as a cloud cham¬ 
ber (§ 6.68), which was placed in a very 
nlrong magnetic field. In the cloud 
chamber the path of an electrically 
charged particle can be rendered vis¬ 
ible, and actually photographed. The 
In tensity of the track provides infor¬ 
mation concerning the mass of the 
particle, and the direction in which it 
In bent in the magnetic field indicates 
whether the charge is positive or neg¬ 
ative. 


depending on the amount of energy 
lost in the plate. Measurements made 
on the track of a particle before and 
after it has passed through a plate, 
together with observations of the den¬ 
sity of the track itself, give definite in¬ 
formation about the mass of the par¬ 
ticle and the magnitude of the electric 
charge it carries.” 

2.69. One of the numerous photo¬ 
graphs obtained in this manner, with 
the lead plate seen cutting across the 
center, is shown in Fig. 2.5; it is a 
photograph of historical significance, 
for its interpretation by Anderson led 
to the discovery of the positive elec- 
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tron. Since the curvature of the track 
is less below the plate than above, the 
energy of the particle is greater below 
the plate. Hence the particle must have 
been moving upward. Knowing the 
direction of the magnetic field, and 
the direction of motion of the particle, 
the curvature of the track to the left 
immediately showed that the particle 
must be positively charged. The den- 


rays. Some of these photographs were 
of the type shown in Fig. 2.6, the two 
parts of which represent the same 
event taken from two different angles. 
The tracks of the charged particles are 
seen to fall into two groups, one being 
deflected to the left and the other to 
the right by the magnetic field. The 
outer group in each of the photographs 
consists of negative electrons while the 



Fig. 2.6. Groups of tracks produced by positrons 
and electrons (positron-electron pairs) in mag¬ 
netic field. (From “Introduction to Atomic Phys¬ 
ics” by Remat, Rinehart and Company.) 


sity of the track was less than would 
be expected for a proton, but its length 
was greater. “The photographs/' An¬ 
derson said, “of these positively 
charged particles could be understood 
only if the particles were assumed to 
have a mass approximately equal to 
that of the ordinary electron of nega¬ 
tive electric charge, and thus the first 
evidence for the existence of positive 
electrons . . . was obtained." 

2.70. After the foregoing interpreta¬ 
tion had been made of the photograph 
in Fig. 2.5, other cloud-chamber photo¬ 
graphs were examined in the light of 
the new discovery, and further proof 
was obtained that positive electrons 
were produced by the action of cosmic 


inner group is made up of positive 
electrons. The variation within each 
group is due to differences in the ener¬ 
gies of the various electrons. 

2.71. Anderson suggested the name 
positron for the positive electron, and 
this immediately came into general 
use. He also proposed the analogous 
term negatron for the negative elec¬ 
tron, but the proposal did not appar¬ 
ently meet with approval, for it has 
not made much headway in the litera¬ 
ture.* At the present time, the word 
electron, without qualification, is in¬ 
variably taken to imply the nega¬ 
tively charged particle. A system con¬ 
sisting of a positive and a negative 
electron is called a positron-electron 


♦ The Cosmic Rny Commission of the International Union of Rhysies, nt its meeting in 
Oeloher 1047, fnvored the use of the terms pom ton and nrpoton. 
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pair; the tracks produced by several 
such pairs are seen in Fig. 2.6. 

Formation and Destruction 
of Positrons 

2.72. Shortly after the publication 

of Anderson’s discovery, P. M. S. 
Blackett and G. P. S. Occhialini, in 
Fngland, announced in 1933 that they 
bad obtained cloud-chamber photo¬ 
graphs which showed pairs of tracks of 
(he type depicted in Fig. 2.6. In re¬ 
porting the results they said: . . it 

is necessary to come to the same re¬ 
markable conclusion that has already 
been drawn by Anderson from similar 
photographs. The only possible . . . 
|explanation] ... of both the range 
and ionization is that these tracks are 
due to positively charged particles with 
a mass comparable with that of an 
electron. . . . Altogether we have 
found 14 tracks . . . which must al¬ 
most certainly be attributed to such 
positive electron.” 

2.73. Before proceeding to consider 
oilier positron studies, reference may 
be made to measurements of its specific 
charge, i.e., of its charge-to-mass ratio, 
which should, of course, be the same as 
for an electron. The first such deter¬ 
mination was made by J. Thibaud in 
Belgium in 1934, using an arrangement 
of crossed magnetic and electric fields 
(§ 2.44) ; he reported that e/m for the 
positron did not differ by more than 
15 per cent from that of the electron. 
Later, A. H. Specs and C. T. Zahn, in 
I he United States, compared the be¬ 
havior in electric and magnetic fields 
of positrons and electrons which were 
emitted simultaneously from an arti¬ 
ficially radioactive form of I he (dement 
copper (§ 10.100). It was found that 
I lie specilie charges of I ho posit ive and 
negative part icles do not differ by more 
I ban 2 per crib . 

2.74. I T pon consideration of the ori¬ 


gin of the positrons formed by cosmic 
rays, Blackett and Occhialini, making 
use of Dirac’s theoretical treatment, 
thought it most likely that, as a result 
of interaction with matter, part of the 
energy of the rays was converted into 
positron-electron pairs. The minimum 
energy necessary to bring about the 
conversion could be calculated, and 
this was found to be well within the 
range of the cosmic rays, and even of 
some of the radiations (gamma rays) 
emitted by certain radioactive sub¬ 
stances (§2.110). Hence such radia¬ 
tions might be expected to give posi¬ 
tron-electron pairs upon interaction 
with matter. 

2.75. Three groups of scientists, 
working independently in England, 
France and Germany, had reported 
that when the element beryllium is 
bombarded with alpha particles 
(§ 2.105) from the radioactive ele¬ 
ment polonium (§ 5.6), and the result¬ 
ing radiations are allowed to impinge 
upon metallic lead, positron-electron 
pairs are produced. One of these 
groups, namely, Irene Joliot-Curie— 
daughter of Marie and Pierre Curie 
(§5.2)—and her husband F. Joliot, 
had suggested the possibility that the 
effect was really due to high-energy 
gamma rays emitted from beryllium 
under the action of the alpha-particles. 
This view was supported by the work 
of Anderson, reported in 1933, that 
gamma rays of high energy emitted 
by the radioactive element known as 
thorium C" are, like cosmic rays, able 
to produce positron-electron pairs. 
These results were soon confirmed by 
other experimenters, and calculations 
of the various energies involved pro¬ 
vided si rong support for the theory of 
(ho origin of l ho posit mn-eleetron 
pairs (§ 3.84). 

2.76. Since positrons were rare 
enough (o elude discovery for many 
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years* it is apparent that they are not 
a universal constituent of matter, as 
are electrons. When a positron is pro¬ 
duced, either by the interaction with 
matter of rays of high energy or, as 
will be seen in § 10.82, by certain arti¬ 
ficial radioactive elements, it soon dis¬ 
appears as the result of combination 
with an electron. As there are large 
numbers of the latter always available, 
a positron does not exist for any ap¬ 
preciable time. The average life of a 
positron varies with its environment, 
but it is usually of the order of a 
billionth part (10 -9 ) of a second. In 
view of its evanescent nature, it is not 
surprising that the positron remained 
undiscovered for so long. Actually, 
after* it had been identified, several 
scientists, looking through their files, 
found cloud-chamber photographs, due 
to cosmic rays, which indicated the 
presence of positrons. There were 
probably extenuating circumstances 
to account for the failure to recognize 
them; nevertheless, Anderson must be 
commended, not only for his acute 
observation, but also for his coura¬ 
geous interpretation which solved a 
long-standing.problem. 

2 .77. It may well be asked at this 
point: What happens when a positron 
and an electron unite? It appears that 
the positive and negative charges neu¬ 
tralize each other and the particles are 
annihilated leaving only energy in the 
form of radiation, often called annihi¬ 
lation radiation , similar to gamma 
rays (§2.110).* The energy to be ex¬ 
pected for this radiation can be cal¬ 
culated, and it is a striking fact that 
exactly such radiation was observed 
by J. Thibaud and by F. Joliot, in 
1933, when a stream of positrons was 
allowed to impinge on a metal surface. 
The same radiations were also de- 


Chap • 11 

tected in other cases where positrons 
were presumably annihilated by com¬ 
bining with electrons. 

2.78. Before the identification of the 
positron, several physicists had found 
that the absorption of high-energy 
gamma rays by matter was appreci¬ 
ably greater than calculated from a 
well-established equation, which gave 
excellent agreement with experiment 
for rays of lower energy. At the same 
time a secondary radiation, whose ori¬ 
gin could not be explained, was de¬ 
tected in the United States by Chinese 
physicist C. Y. Chao in 1930, and in 
England by L. H. Gray and G. T. P. 
Tarrant in 1932. The interpretation of 
these results was provided by Blackett 
and Occhialini. The additional absorp¬ 
tion of gamma rays was due to the 
conversion of their energy into posit¬ 
ron-electron pairs, while the second¬ 
ary radiation had just the right energy 
to be expected for the annihilation of 
the positrons as a result of combina¬ 
tion with the omnipresent electrons. 

2 .79. It has thus been clearly es¬ 
tablished that energy, in the form of 
gamma rays or cosmic rays, can be 
converted into particle pairs, under 
suitable conditions, and, conversely, 
the pairs can combine to produce 
energy in the form of annihilation radi¬ 
ation. These results, as will be seen in 
Chapter III, have an important bear¬ 
ing on the general principle of the re¬ 
lationship between matter and energy, 
a principle upon which the realization 
of atomic energy is based. 

The Antiproton 

2.80. In the theory of Dirac which 
predicted the existence of the positron 
(§ 2.65) there is nothing that restricts 
it to electrons. In other words, the 
theory should be of wider applicabil¬ 


* In soino oases a temporary combination of electron and positron, (tailed poaitroniurn, in 
formed before annihilation occiiih (§3.86). 
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ity, both in its original and in its more 
recent forms, so that for every funda¬ 
mental particle there should be a re¬ 
lated “anti” (or opposite) particle. 
Corresponding to the ordinary proton, 
therefore, there is to be expected a 
negative proton, or antiproton . Tins 
particle should have the same mass 
(and other characteristic properties) 
as the proton but should differ from 
it in the respect that the antiproton 
carries a unit negative charge. 

2.81. Just as positron-electron pairs 
are formed by the interaction with 
matter of rays (or particles) having 
sufficient energy, so it should be pos¬ 
sible to produce proton-antiproton 
pairs in a similar manner. However, 
because the mass of the proton is 
nearly two thousand times as great as 
I hat of an electron, the energy needed 
lo materialize a proton-antiproton 
pair would be greater in the same 
proportion. Until 1955, the required 
energy was available only in cosmic 
rays, and many tracks produced by 
IIichc rays in cloud chambers and in 
photographic plates (Chapter VI) 
wen* carefully scrutinized for evidence 
of the antiproton. As a result, a num¬ 
ber of claims were made to the identi¬ 
fication of events that might be at¬ 
tributed to this particle. Some of these 
claims may well have been justified, i 
hut due to the highly complex charac¬ 
ter of cosmic ray phenomena, as well 
iih to the inability of studying them 
under suitable conditions, it was im¬ 
possible to accept the conclusions with 
any degree of confidence. 

2.82. When the instrument known 
as I he Bevatron (§9.100) went into 
operation at full power, at the Radia¬ 
tion 1 laboratory in Berkeley, Califor¬ 
nia, there became available, for the 
Hist time, a controllable source of 
part icles having energies large enough 
< 11 create proton-antiproton pairs. 


Even if antiprotons were produced, 
however, there still remained the for¬ 
midable problem of identifying them 
unequivocally in the presence of many 
other, particles formed at the same 
time. In a report made in October 
1955, O. Chamberlain, E. Segre, C. E. 
Wicgand and T. Ypsilantis described 
the procedure they used to obtain 
definite proof of the existence of the 
antiproton. 

2.83. Briefly, the method was some¬ 
what as follows. A stream of high- 
energy protons from the Bevatron was 
allowed to impinge on a copper block. 
The particles issuing from the target 
were passed through a magnetic field, 
so that those, including antiprotons, 
having negative charges were sepa¬ 
rated from the others. Then, making 
use of a complex and ingenious timing 
system, which registered only particles 
traveling a distance of 40 feet in the 
extremely small but precisely con¬ 
trolled time interval of 51 billionths 
(51 X 10 -9 ) of a second, signals were 
recorded that could be caused only by 
antiprotons. None of the other nega¬ 
tively charged particles present could 
have had the exact speed (nearly 80 
per cent of the speed of light, i.e., 148,- 
000 miles per second) to traverse the 
given distance in the specified time. 

2.84. Further confirmation of the 
production of antiprotons was ob¬ 
tained in two ways. These were both 
based on the anticipation that the 
encounter of an antiproton with an 
ordinary proton would lead to their 
mutual annihilation with the conse¬ 
quent liberation of a large amount of 
energy. As indicated earlier (§2.64), 
all atoms contain protons, so that the 
annihilation of antiprotons should 
occur in any material. In one of the 
confirmatory tests, a piece of glass was 
placed in the stream of particles con¬ 
taining antiprotons. The annihilation 
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energy then caused the release in the 
glass'of electrically charged particles 
which moved fast enough to cause 
the emission of light in the form oi 
what is called Cerenkov radiation 
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capture by a silver or bromine atom 
in the photographic emulsion—was ac¬ 
companied l*y the emission oi several 
particles (Fig. 2.71 .* The tracks of the 
particles appear in the form of a 


P" —- 


, «• * * a f « 



TV 2 7 Star produced in photographic emulsion due to capture of an antiproton 

mik S 'Seated byV. (riivemty of C.lifornu L„bo,»tory.) 


(§ 6.56). This light had properties that 
were in harmony with tan antiproton 
annihilation process as the original 
enoigy source. 

2.85. More definite proof of the pro* 
ton-antiproton annihilation was se¬ 
cured hv exposing photographic plates 
to the negatively charged particle 
stream. Some of the resulting plates 
were sent to Rome, Italy, for study by 
seientists working with K. Amaldi, and 
others were examined by a group in 
Berkeley, California. The annihilation 
of an antiproton—presumably after 


“star” with several prongs (§18.511. 
Measurements made on these prongs 
showed that the total energy release 
was greater than was to be expected 
from the mass of the antiproton alone, 
so that another particle, either a 
proton or neutron (see §2.1201, must 
have been annihilated simultaneously. 
It may be mentioned that the anti- 
protnn, unlike the proton, is not a 
constituent of normal matter, since 
coexistence of the two particles is 
obviously not possible. 


X-RAYS 


Rontgen made a discovery, toward the 
end of 1895, which has had a notable 
effect, both direct and indirect, on 
atomic science. It was stated earlier 
(§2.171 that the rays cause the glass 

* Tracks 3, 5, 6, 7, 9, 10 and 12 are produced by e™ton R ejee^^ 

(nucleus); tracks 1 and 2 are! due to \ v remaining nftor the emission of tnese 

XVIII). Trnck 4 is produced by the atom (nucleus) remaining nm 

piivticles, 


The Discovery and Nature 
of X-Rays 

2.86. While experimenting with the 
luminescence produced by cathode 
rays, the German physicist, W. C. 
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walls of the discharge tube to lumi¬ 
nesce, but even more intense lumines- 
eense is produced in various chemical 
compounds, particularly barium plati- 
nocyanide, zinc blende (zinc sulfide) 
and willemite (zinc silicate). In the 
course of his work, Rontgen had en¬ 
closed a discharge tube in a box made 
of thin, black cardboard, placed in a 
darkened room. Near the tube there 
happened to be a sheet of paper coated 
on one side with barium platinocya- 
nide, and Rontgen noticed that, when 
the tube enclosed in the box was oper¬ 
ating, the paper exhibited a brilliant 
luminescence. He proved that what¬ 
ever was responsible for this phenome¬ 
non originated in the vacuum tube, 
and he concluded that it was some 
form of penetrating rays, to which he 
gave the name of X-rays.* 

2.87. Rontgen found that, in addi¬ 
tion to producing luminescence, the 
rays caused darkening or fogging of 
photographic plates, even when 
wrapped in paper or enclosed in a 
box. Consequently, these substances, 
which are opaque to ordinary light, 
are transparent to the X-rays. This 
fact led Rontgen to take X-ray photo¬ 
graphs of normally opaque bodies, such 
an the hand, thus revealing their inter¬ 
nal structure due to the varying de¬ 
grees of transparency of the different 
portions, e.g., bone and flesh, to the 
rays. 

2.88. To Rontgen goes credit for a 
discovery that might well have been 
made at any time during the two pre¬ 
ceding decades. William Crookes and 
K Jervis Smith, in England, and, no 
doubt, others elsewhere, had found 
that photographic plates, although 
still in their unopened boxes, became 
fogged when kept in a room in which 


a discharge tube was in action. The 
phenomenon was usually attributed to 
some spurious external circumstances, 
and was not investigated. In addition, 
in 1890, A. W. Goodspeed, in Philadel¬ 
phia, actually produced shadow photo¬ 
graphs, which were really due to 
X-rays, but which he attributed to 
cathode rays. The Hungarian physi¬ 
cist P. Lenard obtained similar photo¬ 
graphic results in 1894, using the so- 
called “Lenard rays” obtained by 
passing cathode rays through an 
aluminum window in a discharge tube. 

2.89. In the early months of 1896, 
the investigation of the properties of 
X-rays attracted considerable atten¬ 
tion in various parts of the world. 
Almost simultaneously, and independ¬ 
ently, scientists in England, France 
and Italy found that, when X-rays 
were passed through air or other gas, 
the gas acquired the ability to conduct 
electricity. In other words, X-rays 
have the property of producing ions, 
i.e., electrically charged atoms or mole¬ 
cules (§ 2.15), in gases. There is little 
doubt that the experiments which re¬ 
sulted in this discovery were prompted 
by the photoelectric effect, well known 
at the time, whereby ultraviolet rays 
produce ionization in the air in the 
vicinity of a metal, such as zinc 
(§2.48). However, irrespective of its 
origin, it was a discovery destined to 
have a profound influence on atomic 
science. 

2.90. For several years after their 
discovery there was no clear under¬ 
standing of the nature of X-rays, and 
several different theories were pro¬ 
posed to account for their origin and 
behavior. It was not until 1912 that 
definite evidence, to be described in 
§ 2.94, was obtained that the rays 


* liiin I gen said: <l . . , X-ruyfl, an I will call the rays, for the suke of brevity,” but it is be¬ 
lieved that ho choHo I ho letter X because it in frequently used in algebra to represent an un¬ 
known quantity. The rays are frequently referred to ns Hi'mtyvn mu*, 
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were an electromagnetic radiation an¬ 
alogous to light but of shorter wave 
length. 

Characteristic X-Rays 

2.91. In Rontgen’s experiments the 
X-rays were produced by the cathode 
rays striking the walls of the discharge 
tube. Better results may be obtained 
by allowing the cathode rays to fall 
□ii a piece of metal, called an 
cut hods f placed in their path; the 
X-rays are then emitted from the anti- 
cathode. In general, any stream of 
fast-moving, i.e., high-energy, elec¬ 
trons—no matter how they are formed 
—will produce X-rays when they are 
slowed down upon striking a suitable 
material (§ 4.75). 

2.92. As a rule, the wave lengths of 
the radiations emitted from an anti¬ 
cathode cover a considerable range, 
but if they are allowed to fall on a 
given material, most of the rays are 
absorbed leaving only X-rays with 
wave lengths characteristic of the ele¬ 
ments present in the material; this 
appears to have been recognized by 
C. G. B-arkla, in England, in 1911. 
These characteristic X-rays , as they 
are now called, can be produced in 
other ways, e.g., by permitting cathode 
rays of high velocity to impinge di¬ 
rectly on a target (anticathode) made 
of. or containing, the particular ele¬ 
ment. The rays fall into several groups 
(or series) distinguished by the letters 
K, L f M, N } etc., in order of decreas¬ 
ing kardnesSi i.e., of decreasing ability 
to penetrate matter. As the atomic 
weight of the element increases, the 
rays of the K series, then the L series, 
become increasingly difficult to pro¬ 
duce, cathode rays (electrons) of 
higher and higher energies being neces¬ 
sary. The importance ol the character¬ 
istic X-rays in connection with atomic 
structure will be described in §4.24. 
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The Diffraction of X-Rays 

2.93. From various early experi¬ 
ments, of a somewhat crude nature, it 
appeared that X-rays might have a 
wave length of about 10“ s cm. Ii this 
were so, then, argued the German 
physicist M. von Laue, a crystal 
should exhibit the phenomenon of dif¬ 
fraction or interference of X-rays. 
Theoretical calculations, based on the 
wave theory of light, have shown that 
when tight passes through a diffrac¬ 
tion grating, consisting of a number of 
small gaps with a spacing of the same 
order as the wave length of light, rays 
proceeding in certain directions will 
either enhance or annul one another 
(§ 3.10). In this way a diffraction pat¬ 
tern can be produced. 

2.94. In a crystal, the centers of 
atoms or molecules are in the vicinity 
of 10 -8 cm. apart, and hence a crystal 
should act as a diffraction grating for 
X-rays, thus yielding a definite pattern 
depending on the nature of the crystal 
and the wave length of the rays. At 
the suggestion of von Laue, his asso¬ 
ciates W. Friedrich and P. Knipping 
made the experiment, in 1912, of pass- 



Fuj. 2.8. Laue lypo ililTrnciion pat,tern 
produced by X-riiys in panning through 
n rry'slid of sodium chloride, 
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ing a beam of X-rays through a slice of 
zinc blende (zinc sulfide) crystal; a 
diffraction pattern of the expected type 
was formed on a photographic plate 
upon which the rays fell (cf. Fig. 2.8). 
Thus, X-rays were proved to be of the 
same nature as light, but with a 
shorter wave length. Incidentally, the 
use of a crystal as a diffraction grating 
lias provided a valuable method for 
determining the actual wave lengths 
of the rays, on the one hand, or for 
studying interatomic distances within 
the crystal, on the other hand. 

2.95. A simple treatment of the 
diffraction of X-rays accompanying 
reflection at the surface of a crystal 
was developed by the English physicist 
IV. L. Bragg in 1912. Suppose a train 
of waves, which may be X-rays, 
strikes a crystal, consisting of a regu¬ 
lar arrangement of atoms, ions or mo¬ 
lecules. The crystal then functions as 
a, series of parallel reflecting planes, as 
indicated in Fig. 2.9. If the glancing 



Fur 2.9. Reflection of X-rays by crystal 
I ili i nes to illustrate derivation of the 
Bragg equation. 

imgle 8 is such that it bears a proper 
relationship to the distance d between 
I lie reflecting planes and to the wave 
length A (§ 3.13) of the incident waves, 
Hie reflections from the various planes 
mil be exceptionally intense. The re¬ 
flections are then said to be in phase. 
Bid,, if I he angle 8 does not satisfy the 
conditions for Hie various reflections 
In be in phase, they will interfere with 
niie smother and the resultant beam 
will have a greatly diminished intens¬ 


ity. As the angle of incidence is 
changed, therefore, there will be ob¬ 
served a series of reflections exhibiting 
alternating maxima and minima of 
intensity. This is the manner in which 
diffraction due to reflection manifests 
itself. 

2.96. The condition for obtaining 
reflection maxima for X-rays, as de¬ 
rived by Bragg and usually known as 
the Bragg equation, may be written in 
the form 

n\ = 2d sin 6 , (2.12) 

where A is the wave length of the 
X-rays, d is the distance between suc¬ 
cessive reflecting planes of atoms, ions 
or molecules, 6 is the glancing angle 
and n is an integer, namely, 1, 2, 3, 
and so on. Consequently, if the angle 
8 is such that sin 8 satisfies the rela¬ 
tionship derived from equation (2.12), 
that is, 

sin 8 = — t (2.13) 

2d 

where n may be 1, 2, 3, etc., then a 
reflection maximum will occur. If the 
diffraction effect is to be observed, the 
glancing angle 8 must not be too small, 
and hence sin 0 must be appreciable. 
It can be readily seen from equation 
(2.13) that, for this to be the case, the 
wave length A of the diffracted rays 
and the distance d between the reflect¬ 
ing planes must be of the same order 
of magnitude, in agreement with the 
statement made above. 

2.97. In this and other ways it has 
been established that X-rays have 
wave lengths of the order of 10 -8 cm. 
The actual values for characteristic 
X-rays have been determined with a 
considerable degree of accuracy for 
many elements. The results arc so pre- 
cist' Mint Miey can even be used for 
purposes of identificnlion, 
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radioactivity 


Discovery of Radioactivity 
2.98. Shortly after Rontfien’s an¬ 
nouncement of his discovery o 
X-rays, the French physicist Henri 
Antoine Becquerel became interested 
in ttie subject as the result of a lecture 
s iven at the Academy of Sciences, in 
?Xris hv H. Poincare. In answer to a 
question, the latter stated that the 
X-rays appeared to originate in the 
luminescent spot produced where the 
cathode ravs impinge on the discharge 
tube Becquerel’s father, Edmond Bec¬ 
querel, also a physicist, had made a 
particular study of a type of lumines¬ 
cence known as fluorescence, ex¬ 
hibited by various suhtances, particu¬ 
larly upon exposure to sunlight. Henri 
Becquerel happened to have in his pos¬ 
session a pure specimen of the double- 
salt', potassium uranyl sulfate, which 
his father had used in his work on 
fluorescence. In an attempt to dis¬ 
cover some connection between X-rays 
and the luminescence exhibited by 
this uranium salt,+ Henri Becquerel 
wrapped a photographic plate m black 
paper, placed a thin crystal of the salt 
upon the paper, and then exposed the 
whole to sunlight. When the photo¬ 
graphic plate was developed, it was 
found to be darkened, indicating that 
the uranium salt emitted radiations 
which could penetrate paper. Bec¬ 
querel showed that those rays could, 
in fact, pass through thin sheets of 
aluminum and copper and still cause 
blackening of the photographic plate 
At the time, he was of the opinion that 


i the uranium salt had emitted the 
as a result of exposure to light, but 
, taking advantage of an unexpected 
circumstance, as mentioned below, he 
1 made a discovery which turned out to 
be of a revolutionary nature. 

2 99. Describing his work, in the 
early part of 1896, Becquerel said, re¬ 
ferring to his experiments with the 
| uranium salt placed over the photo- 
! graphic plate wrapped m paper : borne 
1 had been prepared on Wednesday, 
February 26th and Thursday, Febru¬ 
ary 27th, but as on these days the sun 
' «honc only intermittently, I kept the 
experiments that had been prepared 
i and returned the plates to the darkness 
of a drawer . . . leaving the crystals 
of the uranium salt in place The sun 
not showing itself again the following 
days I developed the photographic 
plates on March 1st, expecting to find 
very faint images. On the contrary, 
the silhouettes appeared with great 
intensity. ... A hypothesis which 
occurs ... to the mind will he to 
suppose that these radiations [emitted 
by the uranium salt] . ■ ■ are sum ar 
to invisible rays emitted by phospho¬ 
rescent | fluorescent 1 ’[ substances, ex¬ 
cept that the time of persistence is 
infinitely greater than that of the vis¬ 
ible radiations emitted by such bodies 
Thus, Becquerel showed that the ura¬ 
nium salt emitted rays, even without 

being exposed to sunlight, and that 

these ravs persisted for a long time. 
In this manner was discovered t c rc- 
| markable phenomenon to which Mar , 


* The term fluorctcencc « 

wa y R length np a result f>xpoHiirO u i in i i'll V- I kin exciting light is rul °lT. r i 

JSCSu ... ph*,.to««rnt, 
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Curie, in 1898, gave the appropriate | 
name of radioactivity (§ 5.5).* 

2.100. After Becquerel found that 
the radiations from uranium were 
similar to X-rays in the respect that 
they could penetrate materials opaque 
to ordinary light, and also affect a 
photographic plate, he was naturally 
interested to see if the radiations, like 
X-rays, were able to produce ioniza¬ 
tion in air. For this purpose he used a 
gold-leaf electroscope which, in its sim¬ 
plest form, consists of a short, vertical 
metal rod with a metal sphere or plate 
at its upper end; to its lower end are 
attached two small rectangular sheets 
of gold leaf, hanging vertically. The 
rod is usually supported, with suitable 
insulation, in a box which serves to 
protect the delicate gold leaves from 
air currents. If an electric charge is 
applied to the sphere or plate, it is 
transferred through the metal to the 
gold leaves; since these both now carry 
charges of the same sign, they im¬ 
mediately repel each other, forming an 
inverted V (Fig. 2,10). If the air in 



CHARGED DISCHARGED 


Fig. 2.10. Use of simple gold-leaf electro¬ 
scope to detect ionizing radiations. 

(he vicinity is ionized in some manner, 
it becomes an electrical conductor and 
ilius permits the charge on the leaves 


to leak away. In other words, the 
electroscope becomes discharged. The 
1 repulsion then ceases and the leaves 
return to their original vertical posi¬ 
tions. Becquerel observed that a ura¬ 
nium salt brought near a charged elec¬ 
troscope caused the latter to discharge. 
Thus, the rays from uranium had the 
property of ionizing the air in their 
vicinity. 

2 .101. The subject of radioactivity 
will be discussed in some detail in later 
chapters and for the present purpose, 
which is a brief consideration of the 
nature of the emitted radiations, it is 
sufficient to state that BecquereFs dis¬ 
covery was soon followed by the iden¬ 
tification bf other active elements, 
namely, thorium, polonium, radium 
and actinium, in which the French 
scientists Marie and Pierre Curie 
played an important part (Chapter 
V). At the present time, a considerable 
number of radioactive species are 
known; some occur in nature, others 
are produced by various transmuta¬ 
tion and disintegration processes 
(Chapter X). 

Radioactive Radiations : 

Alpha and Beta Rays 

2 .102. It was observed almost simul¬ 
taneously in 1899 by Becquerel in 
France, by S. Meyer and E. von 
Schweidler and by F. Giesel in Ger¬ 
many, that the radiations from radio¬ 
active substances could be deflected in 
a magnetic field in the same direction 
as are cathode rays. It appeared there- 


* The claim is sometimes made that the Publish physical. S 1 J , Thompson, discovered 
radioactivity almost simultaneously and independently of henpierel. In 1896 Thompson 
uh.srrvfd l hub when tt phoiogmphh- plate was covered wills u ihm shed of molal. upon 
a Inch wns placed a uranium sail, and exposed to suulighb l tie plain was sUTceted. He called 
► hr phenomenon *9iy|HT|diusplioresn , ni , i h / ? The essonl iul pninl about radioactivity is that, as 
llert(iuTe! found. sunlight is mmeceHsary, and Thompson did uol realize I hi#. It, may be 
menlitmed lInst as long mm as 1807. N, de SI Victor, of France, reported that if a wheel of 
paper impregnated with uranium nitrate was exposed to light, it was able to affect a photo- 
gmphic 11 laic in (lie dark, so as lo cause exceptionally rapid redial ism of the silver sail in 

lln- plate. 
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.fore that |iurt, at least, of the radia¬ 
tions consisted of negatively charged 
particles. At about the same time, E. 
Rutherford (see § 2.64) was in Eng¬ 
land studying the extent to which pas¬ 
sage through thin sheets of aluminum 
was able to reduce the ionizing power 
of the active radiations. From his re¬ 
sults he concluded that the radiations 
emitted by a uranium compound were 
of two different types: the first, which 
Rutherford called alpha («) rays, weie 
unable to penetrate more than about 
0.002 cm, of aluminum, while the sec¬ 
ond, the beta (j8) rays , required a 
much thicker sheet of aluminum to 
absorb them completely. The pene¬ 
trating power of the beta rays was 
found to be very roughly one hundred 
times that of the alpha rays. 

2,103. The suggestion that there 
were two different kinds of rays was 
also made by Pierre Curie in 1900, 
wh^n he found that part of the radia- 
tioii from radioactive substances could 
be deflected in a magnetic field, where¬ 
as the other part appeared not to Vie 
deflected. Marie Curie showed that the 
undeflected rays had a much smaller 
penetrating power than the rays which 
were deflected in a magnetic field. The 
former were evidently identical with 
Rutherford’s alpha rays and the latter 
with his beta rays. In addition to be¬ 
ing deflected in a magnetic field, F. E. 
TDorn demonstrated in 1900 that beta 
ravs are also deflected by an electric 
field. 

2.104. By collecting the rays in a 
Faraday cylinder (§2.20), Alaiie and 
Pierre Curie in 1900 confirmed the fact, 
indicated by the deflections, that the 
beta rays were associated with a nega¬ 
tive charge. It consequently appeared 
probable to Becquerel that the beta 
rays might, be related to cathode rays; 
thus, in his own words: “The experi¬ 
ments which I have made during the 
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past several months on the radiations 
from radium have shown that the 
properties of the part of this radiation 
which is deviable in a magnetic field 
have a great analogy with those of 
cathode rays.” To demonstrate the 
complete identity of the beta and cath¬ 
ode rays, Becquerel (1900) determined 
both the speed and the charge-to-mass 
ratio i.e., the specific charge, of the 
particles which presumably consti¬ 
tuted the beta rays, by studying their 
deflection in electric and magnetic 
fields (§ 2.42 et seq.). In this way, Vie 
found the velocity to be about 1.6 X 
10 10 cm. per sec., which is just more 
than half the speed of light, while the 
specific charge was approximately 3 X 
10 17 e.s.u. per gram. These results, as 
Becquerel said, “are entirely of the 
order of magnitude which have been 
found for cathode rays.” Later work 
has established, with complete cer¬ 
tainty, that beta rays do, in fact, like 
cathode rays, consist of negatively 
charged electrons. A beta particle is 
thus identical with an electron. 

The Alpha Particle 

2.105. As stated above, early experi¬ 
ments indicated that the alpha rays 
could not be deflected in a magnetic 
field, and hence appeared to be un¬ 
charged. Nevertheless, some scientists, 
particularly R. -V. Strutt (later Lord 
Rayleigh, 4th Baron) and W. Crookes, 
in England, noting the strong ionizing 
power of the radiations, thought they 
might consist of positively charged 
particles of relatively large mass. This 
view received confirmation from Ruth¬ 
erford when,in 1903, he succeeded in 
deflecting the alpha rays by using a 
powerful magnetic field; the direction 
of the deflection was opposite to that 
of an electron stream in the same field. 
It was apparent, therefore, that the 
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alpha rays actually consist of posi¬ 
tively charged particles. 

2.106. Preliminary measurements of 
the specific charge (e/m) of alpha 
particles were made independently by 
Rutherford and by T. Des Coudres in 
1903, by observing their deflections in 
magnetic and electric fields. The value 
so obtained was about 2 X 10 14 e.s.u. 
per gram, as compared with 5.3 X 10 17 
e.s.u. per gram for an electron. The 
former figure is of the same order of 
magnitude as for the atomic and 
molecular particles in positive rays 
(§ 2.62) , and so Rutherford concluded 
that “the alpha rays . . . are thus 
very similar to the Kanalstrahlen [i.e., 
positive rays] . . . which have been 
shown ... to be positively charged 
I>odies moving with high velocity.” 
Shortly afterward, he said: “I have 
been . . . led by a mass of indirect 
evidence to the view that the alpha 
rays are in reality charged bodies of 
mass of the order of that of the hydro¬ 
gen atom.” 

2.107. In 1906, Rutherford reported 
the results of more accurate measure¬ 
ments of e/m by deflecting the alpha 
particles, from several different radio¬ 
active sources, in both magnetic and 
electric fields.* The value found, 
1.5 X 10 14 e.s.u. per gram, was about 
one half the value for a proton, i.e., for 
a hydrogen atom with a single electric 
charge (§2.64). Two reasonable in¬ 
terpretations of this result were pos¬ 
sible: first, the alpha particle might be 
a hydrogen molecule, having twice the 
mass of a hydrogen atom, but still 
carrying a single charge; and second, 
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it might be a helium atom, with a mass 
four times that of a hydrogen atom, 
carrying two elementary charges. In 
either case, the e/m value would he 
approximately half that for a proton. 
Since both radium and actinium salts 
bad been found to liberate heliumf, 
and this gas was known to he fre¬ 
quently associated with radioactive 
minerals, Rutherford favored the 
second possibility. He thought it prob¬ 
able, therefore, that alpha particles 
were helium atoms carrying two unit 
positive charges; in other words, they 
were doubly charged helium ions or 
helium atoms each of which had lost 
two electrons. 

2.108. Partial confirmation of this 
view was obtained by E. Rutherford 
and H. Geiger in 1908, when they de¬ 
termined, by means of an electrometer, 
the total charge carried by the alpha 
particles emitted by a given radio¬ 
active source. Then the number of 
particles was counted, by methods to 
be described in Chapter VI, so that the 
charge on each alpha particle could be 
calculated. A somewhat similar pro¬ 
cedure was used by the German physi¬ 
cist E. Regener in 1909, and both sets 
of experiments led to essentially the 
same result. The charge on an alpha 
particle was found to be about 9.6 X 
10~ 10 e.s.u., which is twice the value 
of the elementary electronic charge 
(§ 2.41). The alpha particle must thus 
carry two unit charges, and since its 
specific charge (e/m) is half that of a 
proton, its mass must inevitably be 
four times as great. The only reason¬ 
able particle of this mass is an atom of 


+ The experiments were iunde in Mnnlreal. Canada, but the paper in which they were de¬ 
mited was written in Berkeley, Calif., where Rul herford Gave a course of lecturer on radio¬ 
ing ivily at the University of California, in the summer of 1006. Tt is of interest to record, 
Ion, rlml part,, of the work was done witii the MSBislnnce of O. Hahn, who was, more than 
thirty years Infer, to play an important part in connection with the discovery of nuclear 
hsMiim which made possible the utilisation of atomic energy <5 Ui.7). 

I W. UumH&y and F, Soddy found in IU03 that helium ga« was continuously liberated from 
a urimpU? of radium bromide. 
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helium, so that the alpha particle 
should be represented by the symbol 
Hc++. 

2.109. In 1909, E. Rutherford and 
T. Royds provided a final, and un¬ 
equivocal, proof of the relationship 
between alpha particles and helium. 
A radioactive material, emitting alpha 
particles, was placed in a thin-walled, 
glass tube surrounded by a wider tube 
which had been evacuated. The alpha 
particles penetrated from the inner 
into the outer tube, through the thin 
glass walls. After several days, an 
electric discharge was passed through 
the outer tube, and it showed the 
unmistakable spectrum of helium gas. 
This could only have come from the 
alpha particles, and so it must be re¬ 
garded as definitely established that 
these particles are doubly-charged he¬ 
lium ions, i.e.,.helium atoms carrying 
two unit positive charges. By picking 
up two electrons, an alpha particle 
eventually becomes an ordinary (neu¬ 
tral 1 ) helium atom. 

; Gamma Rays 

2 .110. A third type of radiation, 
which could.not be deflected in a mag¬ 
netic field, but which nevertheless had 
considerable penetrating power and a 
marked effect on a photographic plate, 
was discovered by P. Villard in France 
in 1900. These radiations are now 
called gamma (y) rays * As with cath¬ 
ode rays, the nature of the gamma rays 
was at first the subject of controversy. 
F. Paschen and W. H. Bragg thought 
they were high-speed particles, whereas 
C. G. Barkla and E. Rutherford 
favored the view that they were of a 
wave nature similar to X-rays. Defi¬ 
nite proof of the correctness of the 
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latter view was obtained by E. Ruther¬ 
ford and A. N. da O. Andrade in 1914 
when they succeeded in causing the dif¬ 
fraction of the gamma rays by means 
of a suitable crystal (§2.93). Direct 
measurement of the wave lengths of 
the rays in this manner gave values 
corresponding to those for very short 
X-rays. The gamma rays, like X-rays 
and light rays, are thus a form of elec¬ 
tromagnetic radiation (§ 3.23). 

Comparison of Radiations 

2.111. In reviewing the properties of 
the three types of radioactive rays, it 
may be said that the alpha rays have a 
very weak penetrating power, being 
completely absorbed by a few sheets of 
paper. These rays, however, are able 
to produce marked ionization of gases 
through which they pass, partly be¬ 
cause of their relatively large mass and 
high velocity. The beta rays are much 
more penetrating than the alpha rays, 
some millimeters of aluminum being 
required to absorb them, but their 
ionizing power is appreciably less. Fi¬ 
nally, the gamma rays are highly pene¬ 
trating; several centimeters of lead 
may sometimes fail to cut them off 
completely, although they produce rel¬ 
atively little ionization in their path 
through air. 

2 .112. All three types of radiation 
can affect a photographic plate in the 
dark. It is of interest to recall that the 
initial discovery of radioactivity by 
Becquerel was due to the photographic 
action of the radiations from uranium. 
The differing electrical properties of 
the radiations are summarized in the 
form of a diagram (Fig. 2.11) which 
Marie Curie included in her doctorate 
Thesis, published in 1903. It is sup- 
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* It has boon stated that Villard gave this name to the rays but such does ^t appear o 
he the ease. The term gamma rays came into general use in 1903, although jt is not certain 
who originated it. The present, writer is of the opinion that it was Ruthcafoid. but there is n 
powribiiity Hint Becquerel wmh responsible. 
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posed that a radioactive material is 
placed in a narrow but deep cavity in a 
block of lead, so that, in the absence 
of electric and magnetic fields, the 
rays would emerge as a narrow vertical 
beam. However, if a strong magnetic 
field were applied in a direction per¬ 
pendicular to and out of the plane of 

GAMMA 



Fig. 2.11. Marie Curierepresentation 
of alpha, beta and gamma rays in a mag¬ 
netic field. 

I lie paper, the alpha particles, being 
I msitively charged and relatively 
heavy, would be slightly deflected to 
I lie right, the beta particles, since they 
lire negatively charged and light, 
would be deviated to a greater extent 
In the left, while the gamma rays, 
carrying no electric charge, would not 
he deflected at all. 

2.113. Most naturally occurring ra¬ 
dioactive elements radiate either alpha 

THE NEUTRON AT 
Prediction of the Neutron 

2.115. In the year 1920 there ap¬ 
peared, from three widely separated 
Sources, the suggestion that an entirely 
lew and hitherto undiscovered par¬ 
ticle, might be an important unit in 
Hie structure of atoms. The particle of 
which the possible existence was con¬ 
sidered by W. D. Harkins in the 

* The emission of both alpha mid beta parti< 
« vjiomiH'Uiers, wuh due to (he presence of ol)it 
Hmotcr V). 

I In n Idler dated February 28, to hit 

F diversity (wee K>.4-th Rutherford wrote, et 
1 hinge: “Actually ■ , , Miwd of the uteri* . . 
h i 1 , lu^.lmiiII and espeeiidl.v In myself for tl 


or beta particles, although in a few ex¬ 
ceptional instances both are emitted.* 
In some cases, gamma rays accompany 
the alpha or beta particles. The essen¬ 
tial nature of the rays is the same, 
irrespective of their origin; the alpha 
particles are always doubly-charged 
helium atoms, the beta particles are 
electrons, and the gamma rays are 
electromagnetic waves. However, the 
specific properties of the radiations, 
such as the velocities of the alpha and 
beta particles, their penetrabilities and 
power of ionizing gases, and the wave 
lengths of the gamma rays, vary with 
the particular radioactive element 
from which they originate. 

2.114. The foregoing description of 
the radiations has referred in particu¬ 
lar to those obtained from naturally 
occurring radioactive elements. In re¬ 
cent years a much larger number of 
active elements have been obtained in 
what might be called an artificial man¬ 
ner (Chapter XII). Some of these 
“artificially” radioactive elements, es¬ 
pecially those of high atomic weight, 
emit alpha particles, while others expel 
either electrons or positrons (§2.71), 
together with gamma rays in many 
cases. 

ID ANTINEUTRON 

United States, by Orme Masson in 
Australia, and by E. Rutherford in 
England, was believed to result from 
the neutralization of the electric charge 
of a proton by an electron, leaving a 
neutral, i.e., uncharged, particle, hav¬ 
ing a mass of unity, on the ordinary 
atomic weight scale.f In his Bakerian 
Lecture to the Royal Society in 1920, 

il.es by uranium salts. as observed by the early 
r active element* in addition In uranium (we 

■ lormer mllallonilm B. B. Bellwoml of Yale 
neemiug the purtirle of unit inass and zero 
have been common properly in this mmiiry 
e IrM live yearn." 
















58 


Sourcebook on 

Rutherford said: “Under some con¬ 
ditions ... it may be possible for an 
electron to combine much more closely 
with the hydrogen nucleus lie., a 
proton], forming a kind of neutral 
doublet. Such an atom would have 
novel properties. Its external field 
would he practically zero . . . and 
consequently it should be able to move , 
freely through matter. Its presence I 
would probably be difficult to detect 
This hypothetical particle, to which 
was given the name neutron* was des¬ 
tined to play a totally unexpected role, 
not only in the history of atomic sci¬ 
ence but also in the fate of nations. 

2.116. Since the neutron was re- 
aarded as a close combination of a 
proton, he., a gaseous hydrogen ion 
and an electron, numerous unsuccessful 
attempts were made in Rutherford s 
laboratory, and probably elsewhere, to 
detect the formation of neutrons by 
trie passage of an electric discharge 
through hydrogen. Rutherford also 
reported that he and his assistant, 
Jhmes Chadwick, who finally identi- 
fied the neutron some years later 
(« 2 118V had attempted to obtain 
neutrons by bombarding aluminum 
with fast alpha particles from a radio¬ 
active source; these efforts, too, met 
with failure, although, as later events 
proved, the experiments were actually 
on the right lines. In September 1924, 
Chadwick wrote to Rutherford who 
was then on a visit to the United 
States: “I think we shall have to make 
a real search for the neutron. I believe 
I have a scheme which may just work 
but I must consult Aston first.” But, if 
the scheme was tried, it was evidently 
not successful. 

* The word iniilion w:« a|i)nironI.ly fifrtgg 
1021; Urns, “iwiitmii v • a ' (i mi 

IU '11verv^jSSS hi I dc that Kimiiim niVH, wW 
ol beryllium, Hr., by dm ftp* W( ' r 
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Discovery of the Neutron 
2.117. The actual discovery of the 
neutron came as an unexpected cul¬ 
mination of a series of events. In 1930, 

W Bothc and II. Becker reported from 
Germany that if certain light elements, 

1 notably beryllium and to a lesser cx- 
1 tent boron and lithium, were exposed 
to alpha rays from the natural radio¬ 
active element polonium, a very high > 
penetrating radiation was obtained. 

It was thought that this might be a 
form of gamma ray of high energy, i 
I While repeating these experiments m 
1932, I. Joliot-Curie and F- Joliot 
(§ 2.75) found that when a sheet of a 

hydrogen-containing material, partic¬ 
ularly paraffin, was interposed in the 
path of the new radiation, protons were 
ejected with a considerable velocity 
The Joliots thought they had dis 
covered a “new mode of interaction of 
radiation with matter” whereby elec¬ 
tromagnetic waves were able to im¬ 
part large amounts of kinetic energy, ■ 
i e energy of motion, and momentum 
to light atoms. The results were, how¬ 
ever, not in accord with the require¬ 
ment of the accepted laws of mechan¬ 
ics, and so there arose a dilemma, 
either the usual mechanical laws did 
not hold in this instance, or the so- 
called radiation was not of an electro¬ 
magnetic nature analogous to gamma 

r& 2 118. The situation was resolved by 
James Chadwick, in England, in 1932. 
Referring to the observations of Bothe 
and Becker, of the Joliots and also of 
H C Webster, made at about the 
same time, he said: “The experimental 
results are very difficult to explain on 
the hypothesis that the beryllium radi-1 

iloyed in l bis mimed,inn by W. 
jpe negative <UH mn- mid one byinwu 

NK irnm id 1 dnulunib rxriinunn Of tl» nwhi 

s actually prewmt ti iwn* 
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ation was a quantum [i.e., electromag¬ 
netic] radiation, but followed imme¬ 
diately if it were supposed that the 
radiation consisted of particles of mass 
nearly equal to that of the proton and 
with no net charge.” In other words, 
by supposing that the apparent new 
radiation was really a stream of neu¬ 
trons, which have a particle nature but 
no charge, the observed facts could be 
interpreted without the necessity of 
discarding the laws of mechanics. It is 
easy to understand how a fast-moving 
particle like a neutron can impart ki¬ 
netic energy and momentum to a hy¬ 
drogen or other light atom. By attrib¬ 
uting to the new particle a mass of 
approximately unity, on the atomic 
weight scale, i.e., about the same as 
that of the hydrogen atom (or the I 
proton), Chadwick showed that the 
results of the earlier experimenters 
could be completely explained * 

2.119. Since the neutron carries no 
electric charge, it produces no appreci¬ 
able ionization in its path and hence 
gives no visible track in a cloud cham¬ 
ber (§§ 2.67, 6.68). This is one expla¬ 
nation of why it proved difficult to 
detect. On the other hand, the absence 
of charge accounts for its very high 
penetrating power for reasons which 
will become apparent after the nature 
of the interior of the atom has been 
discussed (Chapter IV). 

proton + antiproton -» 

2.120. In the years since 1932, Chad¬ 
wick’s identification of the neutron has 
been amply verified in laboratories the 
world over, A number of different 
ways of producing neutrons have been 
discovered, and it is now known that 
these particles are fundamental units 


of atomic structure. In view of its 
great importance, the neutron merits a 
much more detailed treatment, and 
this will be given in Chapter XI. 

The Antineutron 

2.121. From the occurrence of the 
antiparticles corresponding to the elec¬ 
tron and the proton, namely, the 
positron and the negative proton (or 
antiproton), respectively, it is to be 
expected that an antineutron should 
also exist. However, the antineutron, 
like the positron and the antiproton, 
would not be a constituent of ordinary 
matter. The discovery of the anti¬ 
neutron, which had to await the 
availability of a fair source, at least, 
of antiprotons, was announced in Sep¬ 
tember, 1956, by B. Cork, Y. Lamber- 
ton, 0. Piccioni and W. Wenzel. It was 
stated in § 2.84 that, when a proton 
and an antiproton meet, mutual an¬ 
nihilation can, and generally does, 
take place. However, if the two par¬ 
ticles come fairly close to one another 
but not close enough for annihilation 
to occur, it is possible for an electrical 
charge to be transferred from the posi¬ 
tive proton to the negative antiproton, 
or vice versa. As a result, both par¬ 
ticles would become electrically neu¬ 
tral, the proton being converted into a 
neutron and the antiproton into an 
antineutron; thus, 

neutron + antineutron. 

2.122. Proof that this process, lead¬ 
ing to the formation of the antineu- 
tron, did indeed occur was obtained by 
allowing antiprotons, obtained from 
the Berkeley Bevatron as described 
above (§2,82), to impinge on liquid 
hydrogen. About three out of every 


* F. Joliot is reported to have Kluled— after Chudwirk fl t'xpkmution of their observations 
—that if hr iind bin wifr (I. Jolkil-Cui'iiO had n ml Ituliu'i fonl n 1920 Bakerian Lectuie, m 
which the pajuibLe exigence of a nmlin] pm l iulr ui unit maw hud been considered i . llh ), 
they would probably have identical I ho neut ron Uwiiiwdve*. 
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thousand antiprotons interacted with 
the protons in the hydrogen to form 
antineutrons. The latter were identi¬ 
fied by the energy produced in the 
mutual annihilation of a neutron and 
an antineutron. The release of energy 
was accompanied by a flash of light 
(or scintillation) in a detector. Al¬ 
though flashes were caused in other 
ways, the recording system was de¬ 
signed to respond only to those as¬ 
sociated with the correct amount of 
energy to be expected from neutron- 
antineutron annihilation. 

2.123. The electron and its anti¬ 
particle, the positron, differ only in 
the respect that they have electrical 
charges of opposite sign, and the same 
is true of the proton and the anti¬ 
proton. But since a neutron has no 
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electrical charge, it is pertinent to 
inquire: What is the difference between 
a neutron and an antineutron? An 
answer to this question cannot yet be 
given with absolute certainty, but it 
is very probable that the following 
interpretation is correct. It will be seen 
later (§ 12 . 75 ) that the neutron, al¬ 
though it is electrically neutral, has 
the properties of a small magnet as¬ 
sociated with a spinning negative 
charge. It is generally believed that 
the antineutron, on the other hand, 
will behave like a magnet due to a 
rotating positive charge. In other 
words, when spinning in the same 
direction, the neutron and the anti¬ 
neutron will act like magnets with 
their poles reversed, so that they will 
produce opposing magnetic fields. 


MESONS 


Pions and Muons 

2.124. In an attempt to account for 
the' remarkable forces which hold to¬ 
gether the interior (or nucleus) of an 
atom, the Japanese physicist H. 
Yukawa, in 1935, postulated the ex¬ 
istence of a- charged particle having a 
mass about 200 times that of an 
electron. This hypothetical particle 
would thus be intermediate in mass 
between an electron (or positron) and 
a proton * At the time there was ap¬ 
parently no experimental evidence for 
such a particle, but during the years 
1936 and 1937, C. D. Anderson and 
S. H. Neddermeyer, and J. C. Street 
and E. C. Stevenson, in the United 
States, demonstrated the presence in 
cosmic rays of charged particles, both 
positive and negative, having roughly 
the mass required by the Yukawa par¬ 
ticle. This subject will be treated more 


fully in Chapter XVIII, but it may be 
stated here that further investigation 
fully confirmed the existence of this 
particle of intermediate mass, now 
called a meson. f 

2.125. During the ten years follow¬ 
ing the discovery of the meson, its 
properties were studied in some detail 
and, as a result, a serious problem 
arose: interaction of mesons with 
atoms was very much less frequent 
than was expected from the Yukawa 
theory. In order to overcome this dif¬ 
ficulty, the suggestion was made in 
1947, independently by S, Sakata and 
T. Inoue in Japan and by H. A. Bethe 
and It. E. Marshak in the United 
States, that there were, in fact, two 
kinds of mesons which differed in 
mass, among other things. It appeared 
that a meson heavier than the one 
known at the time would possess the 


+ 11 will ho recalled, from § 2.64, that the mass of the proton is 1836 times as Rreat as that 
of an olcclron. 

t From the Check prefix meso, meaning intermediate (8 18.60). 
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properties required to account for the 
atomic (nuclear) forces. Within a few 
hundred-millionths of a second, how¬ 
ever, this meson, in the free state, 
would be expected to change into the 
lighter form. 

2.126. A few weeks after the pub¬ 
lication of these views, C. F. Powell 
and G. P. S. Occhialini and their col¬ 
laborators, in England, obtained evi¬ 
dence for the existence of these two 
kinds of mesons. The heavier type, 
now known to have a mass 273 times 
that of the electron (or positron), is 
called a pi (7 t)- meson, or pion; the 
lighter, which is 207 times as heavy as 
an electron, is referred to as a mu (p)- 
meson , or muon. Both positive and 
negative electrically charged pions and 
muons have been found in cosmic rays 
and have also been produced in the 
laboratory (§ 18.66 et seq.). Unless it 
is captured by an atom, as free nega¬ 
tive pions frequently are, a charged pi- 
nicson changes spontaneously into a 
mu-meson of the same sign, as pre¬ 
dicted, accompanied by the liberation 
of energy. Then, in a little more than 
I wo millionths of a second, the muon 
decays into an electron or positron, 
depending upon the sign of its elec- 
Irical charge. The sequence of events 
may thus be represented by 

pi-meson —> mu-meson 

(+ energy) 

li will be seen from the arguments in 
('liapter III that the energy liberated 
in each stage corresponds to the differ¬ 
ence in mass of the respective par- 

I teles. 

2.127. Neutral pions, having no 
electrical charge, are undoubtedly 
formed in cosmic rays, but they would 
be virtually impossible to observe in 

II test* circumstances. Unlike charged 
particles, they leave no tracks cither 
In cloud chambers or in photographic 


plates, and so neutral pi-mesons can 
be detected only by the electromag¬ 
netic radiations, similar to X-rays and 
gamma rays, which accompany their 
decay. Because of the complexity of 
cosmic ray phenomena, the presence of 
such radiations in nature could not be 
established with certainty. However, 
there is definite proof that neutral 
pions have been produced in the labo¬ 
ratory by means of simulated cosmic 
rays (§ 18.74). The mass of the neutral 
pi-meson is 264 times the electron 
mass, the difference between this value 
and that of the charged pi-meson 
(273 electron masses) being attributed 
to the electrical charge (§ 2.58). There 
are theoretical arguments for the non¬ 
existence of a neutral mu-meson, but 
if it does exist, it would be extremely 
difficult to detect. 

X-Mesons 

2.128. Since 1947, there have been 
identified, both in cosmic ray phe¬ 
nomena and in the laboratory, a 
number (about ten) of unstable par¬ 
ticles considerably heavier than pi- 
and mu-mesons. They are, neverthe¬ 
less, mesons because their masses lie 
roughly midway between those of the 
electron and proton. These particles, 
which have been given the general 

electron or positron. 

(+ energy) 

name of K-mesons , all appear to have 
the same mass, 966 times the electron 
mass, within the accuracy of the 
measurements. Some have a positive 
electrical charge, and there are cor¬ 
responding ones with negative charges; 
in addition, there are probably two that 
are neutral. The charged X-mesons 
seem to have about the same average 
life, namely, about a hundred-millionth 
(10 -H ) of a second. But these mesons 
are distinguished from each other by 
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their modes of decay. In most in¬ 
stances the products are two or three 
pions, but in some cases a mu-meson 
or an electron is formed directly in 
the decay of a K- meson. 

2.129. The foregoing brief descrip¬ 
tion of mesons has been included in 
this chapter because of the possibly 
fundamental character of these par¬ 
ticles. Further mention of mesons will 
be made from time to time, especially 
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in connection with the problem of 
internal atomic (nuclear) forces, in 
Chapter XII. But there are many 
aspects of the production and prop¬ 
erties of mesons which cannot be dis¬ 
cussed until other topics have been 
considered. Consequently, a fuller 
treatment of these and other aptly- 
called “strange” particles will be de¬ 
ferred until Chapter XVIII. 


Energy and Radiation Chapter III 


THE NATURE OF ENERGY 


Forms of Energy 

3.1. Although the study of energy* 
is one of the most important aspects 
of physical science, it is difficult to 
supply a precise definition in simple 
language. Broadly, it may be stated 
that energy is work, or anything that 
can be converted into work. But this 
Statement, obviously, has no meaning 
without an explanation of the signifi¬ 
cance of work, and for the present 
purpose it is sufficient to say that 
work is done whenever there is a move¬ 
ment of a body or particle against a 
resisting force. In general, therefore, 
energy has the capacity of causing the 
motion of a body in spite of the opera¬ 
tion of a force resisting the motion, 
flic expenditure of energy in this 
maimer may result in its conversion 
Inlo heat, as, for example, when two 
I ind ies are moved relative to one an- 
i it her against the force of friction. 

3.2. Energy can take many forms, 1 
iiVerjy of which are easily converted 
Into each other, and all of which can 
lie used, at least in principle, to per¬ 
form Home kind of work. This work is 
not necessarily obtained in a useful 
fiuni, but the definition is satisfied in 
Hie respect that there is motion against 
a Inrco. Coal or oil, together with oxy¬ 
gen from the air, contains energy 

* I'Vum the Creek, vn (in) und vryon (work). 


which appears as heat when the fuel 
is burned in a boiler. The heat energy 
may then be used to raise the temper¬ 
ature of water to produce steam, the 
molecules of the latter, possessing more 
energy than the molecules of cold 
water. Then the energy of the steam 
can be converted into mechanical en¬ 
ergy, as in a steam engine, which 
may be used to drive a ship or a train 
against the resisting force of friction 
due to the water or to the rails and 
air, as the case may be. Alternatively, 
the mechanical energy can be changed 
into electrical energy in a dynamo, 
and back again into mechanical energy 
in an electric motor. 

3.3. Atomic energy is a form of en¬ 
ergy that is not essentially different 
from the forms described above. When 
an oil, which is a hydrocarbon or com¬ 
pound of hydrogen and carbon, burns 
in the oxygen of the air, there is a lib¬ 
eration of energy due to a chemical 
reaction resulting in the formation of 
water and carbon dioxide. In other 
words, energy is produced as a conse¬ 
quence of a rearrangement of the atoms 
of hydrogen, carbon and oxygen tak¬ 
ing part in the reaction. Atomic en¬ 
ergy, on the other hand, results from 
rearrangements within the interior of 
the atom itself. Once the release of the 
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atomic energy is achieved in a suitable 
manner, it might, in principle if not in 
practice, be used for performing work. 

3.4. Whenever a large amount of 
energy is liberated within a very short 
interval of time, the result is an explo¬ 
sion. The operation of an internal 
combustion engine, e.g., of an auto¬ 
mobile, depends on the explosions oc¬ 
curring in the cylinder when a spark is 
passed through a mixture of gasoline 
(hydrocarbon) vapor and atmospheric 
oxygen. However, if gasoline is burned 
in the open air, the release of energy 
takes place more slowly and there is 
no explosion. The heat of the flame 
could be used to produce steam and 
this could be made to run a steam 
on'gine. In a general way, the same is 
true of atomic energy. The very sudden 
release of a tremendous amount of en¬ 
ergy, in the so-called atomic bomb, 
leads to a powerful and devastating 
explosion. But it is possible to liberate 
thjfe energy gradually so that it may be 
employed to do useful work. The way 

THE NATURE 
Radiant Energy 

3.6. Radiant energy, or radiation , is 
of great importance in various atomic 
studies, and hence the subject merits 
fairly detailed consideration. It is the 
form in which energy can be trans¬ 
ferred from one point to another 
through space. Two very familiar, but 
apparently different, kinds of radiation 
are light and radio waves. The sun's 
energy, which incidentally is a type of 
atomic energy (§ 14.100), is conveyed 
to the earth largely in the form of 
light, or visible radiation as it is some¬ 
times called. When it reaches the 
earth's surface, the energy of the sun- 
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in which this application of atomic 
energy can be achieved will be con¬ 
sidered in Chapter XIV. 

3.5. Every form of energy can be 
regarded as kinetic energy , or potential 
energy, or both. The kinetic energy of 
a body or particle is energy of motion, 
while potential energy is that of posi¬ 
tion, relative to other bodies, or condi¬ 
tion. Potential energy can usually be 
readily converted into kinetic energy. 
For example, the water at rest behind 
a dam has potential energy but if it 
overflows, its potential energy is con¬ 
verted into kinetic energy of motion. 
Ordinary fuels and certain atoms pos¬ 
sess potential energy which can be 
changed into kinetic energy by suit¬ 
able means. The kinetic energy of a 
body is determined by its mass m and 
its velocity of motion v, the actual 
value being %mv 2 . When the tem¬ 
perature of a substance is raised, by 
supplying heat, the molecules move 
more rapidly, and hence their kinetic 
energy increases. 

>F RADIATION 

light is either absorbed by green plants 
and stored as chemical (potential) en¬ 
ergy, mainly in carbohydrates such as 
sugars and starches, or it is converted 
into heat which warms the atmosphere 
(kinetic energy). In a somewhat re¬ 
lated manner, small amounts of energy 
are transferred from a radio transmit¬ 
ter to a distant receiver in the form of 
radiation. This radiation, however, is 
not visible, that is to say, it does not 
affect the eye in the same manner as 
does light. Other forms of invisible 
radiations are ultraviolet light, X-rays 
and gamma rays.* 

3.7. Since all kinds of radiation are 


* Alpha and beta rays are also sometimes referred to as '‘radiations" j they are, however, 
not radiations in the sense of radiant energy or electromagnetic radiation considered here. 
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fundamentally the same, it will be 
convenient to discuss first what is per¬ 
haps the most familiar form, namely, 
light. The concept that light consists 
of particles projected from luminous 
bodies into the eye of the observer was 
proposed by the philosophical school 
of Pythagoras, around 500 b.c. This 
idea was revived in the latter part of 
the seventeenth century by the Eng¬ 
lish mathematician Isaac Newton. He 
considered the best way to explain the 
fact that light travels in straight lines 
and casts sharp shadows was to sup¬ 
pose it to be made up of small particles 
or corpuscles. An alternative theory, 
that light is a form of undulation or 
wave motion, was proposed in a vague 
form by Robert Hooke in England, 
and its consequences were worked out 
in some detail, about 1680, by Chris¬ 
tian Huygens, the noted Dutch au¬ 
thority on optics. But Newton was 
opposed to the wave theory because it 
Necmed to him that it could explain 
neither the formation of sharp shadows 
nor certain other optical effects known 
lit- the time. 

The Wave Theory of Light 

3.8. For over a hundred years the 
corpuscular structure of light was 
widely accepted, but, in the early 
1800s, Thomas Young, in England, 
find Augustin Jean Fresnel, in France, 
revived the wave theory and showed 
how Newton's objections could be 
overcome. The sharpness of shadows, 
for example, could be accounted for 
by the extreme smallness of the light 
Waves, so that the ability to turn cor¬ 
ners, normally possessed by waves, 
Whs undetectable in the ordinary way. 
Nevertheless, careful study of the be¬ 
havior of light as it passes by the sharp 
edge of an opaque body or through a 
Very narrow slit, shows that it is actu¬ 
ally bent and spread out from its linear 


path, as is to be expected for a wave 
motion. This is an aspect of the phe¬ 
nomenon known as diffraction of light 
(cf. §2.93). 

3.9. The facts of optical interference 
also appear to require the existence of 
light waves to provide an adequate 
explanation. If homogeneous light 
from a given source passes through a 
number of narrow slits very close to¬ 
gether, and the emergent rays are al¬ 
lowed to fall on a screen, the result 
will not be an equal number of thin 
strips of light, as might have been ex¬ 
pected, but a series of light and dark 
bands. This is referred to as an inter¬ 
ference pattern, or diffraction pattern. 

3.10. The explanation based on the 
wave theory is that the light is dif¬ 
fracted, that is to say, it is bent out of 
its path, and spread out somewhat, in 
passing through the small slits. If, at 
a certain point in the screen, two rays 
of light coming from the slits are in 
phase, i.e., if the crests of one set of 
waves coincide exactly with the crests 
in the other set, the two rays will rein¬ 
force one another giving a strip of in¬ 
creased brightness. At an adjacent 
point, however, the two rays will be 
out of phase, the crests in one ray co¬ 
inciding with the troughs in the other; 
the two rays will thus tend to annul or 
interfere with one another, so that 


SCREEN 



Fki. 3.1. Diagrammatic representation of 
a diffraction grating with light waves pass¬ 
ing through nlitH. 
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there is a strip of virtual darkness 
(Fig. 3.1). The same general behavior 
should occur at a series of points, thus 
giving rise to a pattern of successive 
light and dark bands, as actually ob¬ 
served. While a satisfactory interpre¬ 
tation of interference effects is possible 
in terms of the wave concept, the cor¬ 
puscular theory fails to offer any rea¬ 
sonable alternative. It should be noted 
that, in order to obtain satisfactory 
interference effects, the slits should be 
narrow and their distance apart must 
be of the same order as the wave length 
of light, i.e., about 5 X 10~ 5 cm. 

(§ 3.16). An arrangement of this kind 
for producing a diffraction pattern is 
known as a diffraction grating , because 
its structure is similar to that of a 
grating, but on a very small scale. 

3J1. By the middle of the nine¬ 
teenth century, moderately accurate 
measurements of the velocity (or 
speed) with which light travels from 
one point to another had been made, 
chiefly by A. H L. Fizeau and by J, B. 
j Jt Foucault in France. This work 
provided a crucial test of the two lival 
theories concerning the nature of light. 
According to the wave concept, the 
speed should be greater in air than in 
a more dense medium like water, but 
the Newtonian corpuscular theory re¬ 
quired the reverse to be the case. 
The results showed that the former 
was actually true, thereby providing 
further support for the wave theory of 
light. 

The Nature of Wave Motion 

3.12. At this point an attempt must 
be made to consider the character of 
wave motion in general, and of the 
particular type that is involved in 
light. If a small stone is dropped verti- 
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cally in the center of ft pool of water, a 
series of ripples or waves will be seen 
to move outward in concentric circles. 
However, a cork floating on the sur¬ 
face of the water will not move out 
with the waves, but will merely bob 
up and down as each wave crest and 
trough, respectively, passes it by. It is 
clear, therefore, that although the 
water acts as a medium in which the 
waves can move away from the center 
of disturbance, the water itself does 
not travel in the direction of propaga¬ 
tion of the waves, but only at right 
angles to it. A wave motion of this 
kind is said to be transverse, since the 
direction of motion of the medium is 
transverse to, or across, that in which 
the waves are being propagated (Fig. 
3.2). Various studies show that light 



Fig 3 2 Transverse wave motion: the 
motion of the medium is at right angles 
to the direction of propagation of the 
wave. 

has the character of such a transverse 
wave motion, although there is no ac¬ 
tual up and down movement of the 
medium, e.g., air or water, through 
which the light travels.* 

3.13. A wave motion consists of a 
series of crests and troughs, as seen in 
Fig. 3.3; the distance between any two 
successive crests, or successive troughs, 
is known as the wave lengthj and is 
usually represented by the Greek letter 
lambda , X. In general, X is the linear 
distance from any position on one 


in 

the wave is traveling. 
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wave to the corresponding position on 
the next wave. Suppose the wave mo¬ 
tion is propagated with a velocity c 
expressed, for example, in centimeters 
per second, and suppose further, that 



luo. 3.3. Wave motion and wave length. 


the wave length X is also given in cen¬ 
timeters. The number of waves pass¬ 
ing a certain point in the medium in 
tlie course of one second will then be 
equal to c/X. This quantity is called 
the frequency of the wave motion and 
iw represented by the symbol v (Greek, 
nu\ i so that it is possible to write the 
important equation 

p = ~ or X = -? (3.1) 

X v 

giving the relationship among the wave 
length X, the frequency Vj and c } the 
upend (or velocity) of propagation of 
any wave motion, including light.* 

The Speed of Light 

tH. As implied earlier, the speed 
"I light, as with other wave motion, 
deprmlH on the medium through which 
It passes. The value usually recorded 
I nr light is that for empty space, i.e., 

I nr u perfect vacuum. Actually, meas¬ 
urements are made in air and a small 
PiMToction is applied. In view of the 
tremendously high velocity with which 
IlKlit is propagated, about 186,000 | 


miles per second, the measurement of 
the speed of light is difficult. Never¬ 
theless, several highly accurate proce¬ 
dures have been developed for the pur¬ 
pose, so that the value is now known 
with a considerable degree of preci¬ 
sion. This is indeed fortunate as the 
speed of light in empty space is one of 
the fundamental constants of nature. 
For scientific work it is usual to state 
the speed in centimeters per second, 
and this is 2.99779 X 10 10 cm. per sec. 
However, for most purposes it is suffi¬ 
cient to round the value off to 3.00 X 
10 10 cm. per sec., which will be used 
throughout this book.f 

3.15. In the foregoing discussion the 
term “light ’ 7 has been used in a gen¬ 
eral sense without specifying any par¬ 
ticular color. The reason is that experi¬ 
ment has shown that all forms of light 
travel in empty space with exactly the 
same speed. In this connection, there¬ 
fore, the color of the light is immate¬ 
rial. What, then, is responsible for the 
different possible colors which light 
manifests ? Variations of color are 
now known to be due to differences in 
the wave length of the light. Since the 
speed of propagation is always the 
same, it may equally well be stated 
that color differentiation is attributed 
to frequency differences. 

Color and Wave Length 

3.16. As Newton first showed, white 
light is actually a mixture of all the 
visible colors, i.e., all the colors to 
which the normal eye is sensitive; they 
are essentially red, orange, yellow, 
green, blue, indigo and violet—the 
colors of the rainbow. Of this series, 
red has the longest and violet the 


l .\ M known aw the wave number, which is equal to the reciprocal of the wave 

l/ ' w °°mraonl ywd inspect myopic work. The wave number is the number 
M (lj ! imHnr ,o0 * th * l#l t0 1,10 fluency of the waves divided by the 

■in i 7 1 ^ ^ the footnote in I 2.43 for the conversion of electro- 

. t0 wwtromagnotio units of ehargd in the velocity of 
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shortest wave length, the values being 
approximately 7.60 X 10 -5 cm. and 
3.85 X 10 -5 cm., respectively. The 
wave lengths of the other colors oc¬ 
cupy intermediate positions in the 
order given. Quite frequently, wave 
lengths of light are quoted in terms of 
the Angstrom unit (A), which, as 
stated in § 1.68. is equal to 10cm.; 
the wave lengths of visible light fall 
within the range of 7600 to 3850 A. 

3.17. It was seen in Chapter I that 
atomic diameters are usually around 
2 X 1Q^ S cm., that is t about 2 A; con¬ 
sequently, the wave lengths of tight 
waves, although quite short from the 
ordinary standpoint, are still two or 
three thousand times the diameter of 
an average atom. The smallest parti¬ 
cle that can possibly be seen in an 
ordinary optical microscope must have 
dimensions of the same order as the 
wave length of the light used. It is 
evident therefore that an atom or mol- 
eciile is too small to be seen in such a 
microscope. A cube consisting of two 
or three thousand atoms in each of 
three directions, and thus containing 
a total of several billion atoms, would 
be just visible. 

3.18. It is well known that photo¬ 
graphic plates or films are sensitive to 
light, but all colors do not affect them 
equally. Most ordinary film is hardly 
affected by red light, so that a ruby 
lamp is often used in the so-called 
“dark room.” By adding certain chem¬ 
ical substances to the photographic 
emulsion, the film can be rendered 
sensitive to red light, and even to radi¬ 
ations of longer wave length which are 
invisible to the eye. These are the 
infrared rays emitted to a greater or 
lesser extent by most substances under 
normal conditions. A hot body emits 
more infrared radiation than does a 
cold one. It is the presence of these 
infrared rays, in conjunction with spe- 
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cially prepared film, that makes it 
possible to obtain photographs through 
fog or even in the dark. It is not in¬ 
tended to consider this subject further 
here, except to emphasize the fact that 
radiations exist which are completely 
invisible to the human eye. There is 
no essential difference between infra¬ 
red rays and visible light, except that 
the former have wave lengths greater 
than 7600 A, the normal upper limit of 
visibility. 

3.19. The lower limit of visibility is 
represented by violet light, with a 
wave length of about 3850 A. Never¬ 
theless, the existence of radiations of 
shorter wave length can be readily 
proved; these are the ultraviolet rays 
present to some extent, in summer sun¬ 
light. especially in the upper atmos¬ 
phere. and also in many electric dis¬ 
charges such as arcs and sparks. Ordi¬ 
nary photographic film is extremely 
sensitive to ultraviolet radiation, al¬ 
though this radiation is quite invisible 
to the human eye. By means of special 
instruments the wave lengths of ultra¬ 
violet rays have been measured down 
to about 1000 A. 

Electromagnetic Waves 

3.20. At this point it may well be 
asked: If there are radiations having 
wave lengths both longer and shorter 
than visible light, may there not be 
rays that are still longer and shorter, 
respectively, than those in the infrared 
and ultraviolet regions? The answer 
to this question is that such radiations 
are known. They include the great 
range of radio waves, from radar to 
long-wave radio, at the one extreme, 
and gamma rays and X-rays, at the 
oilier extreme. These radiations are 
fundamentally the same; they ail 
travel with the same speed— the speed 
of light—and differ only in the length 
of their waves, covering the enormous 
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range from about 10 -10 cm. for 
gamma rays to 10 8 cm. for the longest 
known radio waves. 

3.21. In the early years of the nine¬ 
teenth century, M. Faraday (see § 2.7), 
following up the earlier investigations 
of H. C. Oersted in Denmark and of 
A. M. Ampere in France, showed by 
means of his classical experiments on 
electromagnetic induction that electric 
and magnetic effects are intimately 
related. An electric charge in motion, 
i.e., an electric current, produces a 
magnetic field in its vicinity. Simi¬ 
larly, a changing magnetic field can 
produce an electric current in a suit¬ 
able conductor. The electrical and 
magnetic effects, as Faraday showed, 
can be transmitted through space, 
without actual material contact being 
necessary. 

3.22. In 1864, J. C. Maxwell (see 
§ 2.25) applied mathematical methods 
to the foregoing ideas and came to a 
remarkable conclusion concerning the 
nature of light. He showed that cer¬ 
tain electrical disturbances should be 
accompanied by the emission of elec¬ 
tric waves. In other words, an electric 
field whose intensity varies periodi¬ 
cally, as in wave motion, should be 
propagated outward from the point of 
origin of the disturbance. The behav¬ 
ior is somewhat analogous to that ob- 
nerved when a stone is dropped into 
a pool of water, as described in § 3.12. 
However, the so-called electric waves 
do not require a material medium, 
like water or air, for their propagation. 

3.23. Because of the interrelation- 1 
iliip of electric and magnetic effects, 
the varying electric field will be ac¬ 
companied by a magnetic wave whose 
period or wave length is identical with 
that of the electric wave. The direc¬ 
tion of the oscillations associated with 
the respective waves (see Fig. 3.2) are 
at right angles to one another and both 


are perpendicular to the direction of 
propagation of the wave motion. The 
electromagnetic wave , as the combina¬ 
tion is called, has thus the character 
of a transverse wave motion (§3.12). 
Making use of both theoretical consid¬ 
erations and experimental data, Max¬ 
well found that the velocity of propa¬ 
gation of all electromagnetic waves, 
no matter what their origin or wave 
length, should be identical with the 
speed of light. He, therefore, inferred 
that light is itself an electromagnetic 
wave phenomenon. 

3.24. Although no electromagnetic 
radiations, other than light, were 
known to Maxwell, he realized that 
such radiations, with wave lengths 
different from those of visible light, 
but traveling with the same speed, 
might be discovered. This expectation 
was confirmed by Heinrich Hertz in 
Germany in 1887, eight years after 
Maxwell’s death. By means of an os¬ 
cillatory electrical discharge, obtained 
with the aid of an induction coil, Hertz 
produced electromagnetic waves which 
were invisible but which, nevertheless, 
had many of the properties of light. 
Their speed of propagation through 
space was, as Maxwell had foretold, 
the same as the velocity of light, but 
their wave lengths were considerably 
greater, being measured in meters 
while those of visible light are very 
small fractions of a millimeter. The 
electromagnetic radiations discovered 
by Hertz were called Hertzian waves, 
but they are now more generally 
known as radio waves. At the present 
time waves of this type are produced 
by oscillating surges of electric cur¬ 
rent obtained by suitable circuits in¬ 
volving vacuum tubes. In this way, the 
radiations have a specific wave length, 
rather than the range of wave lengths 
given by an induction-coil oscillator. 

3.25. After the brilliant vindication 
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of Maxwell’s ideas by the discovery of 
Hertzian waves, the value of the elec¬ 
tromagnetic theory of radiation was 
widely appreciated. As stated eai hei, 
a whole range of such radiations is now 
known, from gamma rays to very long 
radio waves; the wave length and fre¬ 
quency regions occupied by the various 
kinds of radiation are indicated ap¬ 
proximately in Fig. 3.4. It should be 
understood that there is actually no 
line of demarcation, but rather a giad- 
ual transition from one type to an¬ 
other. Thus, the longer (lower fre¬ 
quency) of the gamma rays are identi¬ 
cal with the shorter {higher frequency) 
of the X-rays. Similarly, the shorter 
(higher frequency) radio waves are in¬ 
distinguishable from the longer (lower 
frequency) infrared rays. 
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The Quantum Theory 
of Radiation 

3,27. Maxwell’s concept of the re¬ 
lationship between electromagnetic 
waves and radiation appeared to be in 
harmony with the wave theory of light 
as described in § 3.23. But this appar¬ 
ently satisfactory state of affairs was 
to receive a staggering and unexpected 
blow in the early years of the present 
century, A black surface is known to 
be more efficient than any other coloi 
in absorbing radiations, and the the¬ 
oretical concept of an ideal black body 
has been developed to represent a per¬ 
fect absorber and emitter of radiation. 
Although no such black body can be 
realized in practice, an adequate ap- 
, proximation is possible which can be 
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3.26. In addition to having the same 
velocity as light, electromagnetic radi¬ 
ations have other properties in com¬ 
mon. For example, they undergo re¬ 
flection, and also exhibit diffraction 
and interference effects which are re¬ 
garded as characteristic wave proper¬ 
ties. As seen in Chapter IT, the elec¬ 
tromagnetic wave nature of X-ia\s 
and of gamma rays was not definitely 
established until it was shown that 
they could be made to undergo diffrac¬ 
tion and yield definite interference 
patterns. 


used for experimental studies. One 
type of measurement made with the 
black body was to determine the 
amounts of energy radiated at various 
wave lengths and at various tempera¬ 
tures. It was found that, at a given 
temperature, the energy emission is 
not the same for all wave lengths, but 
has a maximum value at a particular 
wave length which is inversely propor¬ 
tional to the absolute temperature 
( Wien’s law).* Further, the total en¬ 
ergy emitted per unit time by the 
black body varies as the fourth power 


of a body is obtained by adding 273.15° to the centi- 


* The so-called absolute temperature 
grade (Celsius) temperature. 
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of the absolute temperature ( Stefan- 
Boltzmann law). 

3.28. Attempts to account for the 
preceding facts relating to black body 
radiation were made by W. Wien in 
Germany in 1896, and by Lord Ray¬ 
leigh (3rd Baron) in 1900, but the 
equation derived by the former was 
found to hold only at low tempera¬ 
tures or for short wave lengths, where¬ 
as that of the latter was applicable 
only at high temperatures or for long 
wave lengths. The dilemma was re¬ 
solved in 1900, in a completely revolu¬ 
tionary manner, by the German physi¬ 
cist Max Planck. Both Wien and Ray¬ 
leigh thought of the black body as con¬ 
sisting of a system of vibrators oscil¬ 
lating at a particular frequency cor¬ 
responding to the frequency of the 
absorbed or emitted radiation. The 
radiation, which was regarded as 
wavelike in nature, was considered to 
bo absorbed or emitted in a continuous 
manner. 

3.29. While retaining the general 
concept of oscillators, Planck dis¬ 
carded the idea that energy can be 
continuously absorbed or emitted. He 
miggested that a body absorbs or 
omits energy in the form of radiation 
In integral multiples of a definite 
amount or quantum,* the magnitude 
of which depends on the vibrational 
frequency of the oscillator. In other 
Words, the energy of a body is not 
continuously variable, but must con- 
pUt of a specific whole number of 
quanta; the energy can be taken up or 
|lvcn out in such quanta only. A body 
Pan thus emit or absorb one, two, 


three, four, etc., quanta of energy, but 
no intermediate or fractional amounts. 
This statement forms the basis of the 
quantum theory of radiation, a theory 
which has found application in many 
areas of science. 

3.30. According to Planck, the quan¬ 
tum E of energy for radiation of fre¬ 
quency v f is given by the simple, but 
fundamental, expression 

E = hv, (3.2) 

where h is a universal constant, usu¬ 
ally known as the Planck constant. 
The energy quantum for a particular 
radiation is thus directly proportional 
to its frequency. By equation (3.1), 
the frequency varies inversely as the 
wave length; hence, the magnitude of 
the energy quantum is inversely pro¬ 
portional to the wave length of the 
radiation. The quantum for gamma 
rays, for example, is consequently rela¬ 
tively large, whereas for radio waves 
it is very considerably smaller. The 
exact relationship between the energy 
quantum and the wave length A of the 
radiation may be obtained by combin¬ 
ing equations (3.1) and (3.2) to give 

E = ~, (3-3) 

A 

where c is the velocity of light. 

3.31. Making use of equation (3.2), 
and the postulate that oscillators take 
up or give out energy in terms of 
whole numbers of quanta, Planck was 
able to derive an expression for the 
variation with the wave length of the 
energy radiated by a black body that 


* Planck originally referred to these definite quantities of energy as “energy elements.” 

J 'Ih* I crin “energy quantum” was introduced later, probably by A. Einstein in 190& (see 

i In hi* treatment, Planck defined v as the frequency of the oscillator absorbing or 
winning the rmtiatkin. Since the radiation has the name frequency i\» the oscillator, i( is less 
winfniiing, and equally satisfactory for the present purpose, to take » as the frequency of the 
tmliui ion. 
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was in complete agreement with ex¬ 
periment at all reasonable tempera¬ 
tures and wave lengths Further or 
radiations of long wave length or foi 
high temperatures, Planets equahmi | 

reduces to that of Lord Raylergh 
whereas for short wave length nr or 
low temperatures it becomes identical 
with the one proposed by Wien. Thus, 
the quantum theory was shown to be 
superior to the previous attempts at 
treating the absorption and emission 
of radiation; this was to prove to be 
the first of its many achievements. 

3 32. The magnitude of the Planck 
constant h, which is one of the funda¬ 
mental constants of nature whose sig¬ 
nificance is not yet completely unde 
stood, has been determined m several 
waVs. If the measurements are ex¬ 
pressed in terms of the centimeter- 
gram-second, or e.g.s., system, w ere 
distance is measured in centimeters, 
mdss in grams and time m seconds, the 

p si* 7 * .S’xTo'T 

mental value of h is then 6.62 X 1U 
erg sec, with the frequency v m ira¬ 
tions per sec, or the wave length X in 
cm. Thus, by equation (3.2), 


E (ergs) = 6.62 X 10“ 27 v per sec, (3.4) 

and by equation (3.3), taking c the 
velocity of light, as 3.00 X 10 cm. 
per sec. 


E (ergs) = 


fi .02 X IQ- 27 X 3.00 x 10!! 

X (cm.) 


in electron volt units, abbreviated to 
ev, rather than in ergs. The election 
volt is the energy acquired by any 
charged particle carrying a unit (elec¬ 
tronic) charge when it falls through a 
potential of 1 volt; it is equivalent to 

1 603 X 10' 12 erg, but for prese ■ 
purposes it is sufficiently Meurat. to 
abbreviate this figure to 1.60 X 10 
erg For convenience, two othci enei 

unto are used, one. equal to a thou- 

sand electron volts, called the ki 
electron volt, is represented by km, 
and the other, which is a million elec¬ 
tron volts, is abbreviated to Mem. 

These are 1.60 X lO' 9 and 1.60 X 
1O -0 erg, respectively. Hence, equ 
tion (3.5) may be written as 


E (Mev) = 


1.09 X 10~ 16 __ 

1.60 X lO" 6 h (cm.) 


1.24 X 10~ 10 
X (cm.) 


(3.6) 


which is a general expression relat g 
the energy quantum (in Mev) to th 
wave length (in cm.) of the corre 

spondingvadiation Thus, or agamma 

ray having a wave length of 10 •> 

as in the example given above, the 
quantum would be 1.24 Mev. 
be seen in due course that gamma-ray 
energy quanta are very frequently in 
the vicinity of a million electron volts, 
so that the Mev is a convenient unit 
for stating these (and related) ener¬ 
gies. 


1.99 X 10~ ie 
X (cm.) 


(3.5) 


For a gamma ray, for example, with a 
wave length of 10- 10 cm, the quan¬ 
tum is 1-99 X 10 0 erg. 

3.33. In atomic studies it has 
co me the practice to express energies 


The Photon 

3 34. It should be made clear that 
Planck’s theory referred to the taking 
up (absorption) or giving out (emis¬ 
sion) of radiation. It was only these 
particular processes which were con¬ 
sidered to take place in terms of an 
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integral number of energy quanta. The 
propagation of the radiation through 
space was still regarded as a wave 
motion, as described earlier. However, 
this point of view began to encounter 
some difficulties. It was mentioned in 
§ 2.89 that X-rays are able to cause 
ionization of a gas through which they 
pass; in other words, the X-rays eject 
electrons from the atoms or molecules 
of the gas. But the number of ions 
formed is not large, considering the 
energy of the radiation. If the X-rays 
are waves spreading in all directions, 
it might be anticipated that electrons 
would be removed from all molecules 
or atoms over which the rays passed, 
instead of from a select few. This 
discrepancy was difficult to explain. 
Further, in 1902, P. Lenard (see 
§ 2.88) had found, when studying the 
('mission of electrons from metals by 
(lie photoelectric effect (§2.48), that 
flic energy of the electrons is inde¬ 
pendent of the intensity of the radia¬ 
tion employed to produce them. An 
attempt to explain these observations 
whs made by J. J. Thomson by means 
of a modified form of the wave theory, 
Imt this proved to be not too satisfac¬ 
tory. 

3.35. A solution of the problem was 
found in 1905 by Albert Einstein (see 
13.05), whose development of the 
theory of relativity was later to pro¬ 
vide the basic atomic energy equation 
(§ 1,72). He suggested that not merely 
Wiih radiation absorbed and emitted in 
Whole numbers of energy quanta, as 
Planck bad proposed, but also that it 
Wiih actually propagated through space 
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in definite quanta or photons * mov¬ 
ing with the speed of light. This sur¬ 
prising view, which apparently dis¬ 
carded the wave theory of light in favor 
of something very much akin to a 
particle concept, supplied a complete 
interpretation of the known photoelec¬ 
tric phenomena. The equations de¬ 
rived by Einstein proved to be correct 
in all details, so that the idea of radia¬ 
tion being transmitted through space 
in the form of individual photons—■ 
not unlike the Newtonian corpuscles 
—received such strong support that 
its validity could not be doubted. 

3.36. One of the most significant 
arguments for the photon (or particle) 
nature of radiation is provided by the 
discovery of what is known as the 
Compton effect , made by the American 
physicist A. H. Compton in 1923. He 
found that when X-rays fall on car¬ 
bon, or other material of low atomic 
weight, the scattered radiation con¬ 
tains some rays of longer wave length 
than the incident X-rays. Since the 
scattering is actually produced by the 
electrons present in the carbon atoms, 
it appears that interaction between 
X-rays and electrons results in an in¬ 
crease in the wave length of the 
former. By assuming the X-rays to 
consist of particles of energy h V} where 
v is the frequency of the incident rays, 
and supposing that the encounter be¬ 
tween one of these particles and an 
electron is just like a collision between 
two rigid spheres, Compton deduced 
equations which account perfectly 
both for the increase in wave length 
of the scattered X-rays, and for the 


■ I' rom the Greek photos, meaning light,. Tire term photon, which came into general use 
uiniimi 1U28, was mtrodurad by A. IS. Compton (ace 9 3,36) t following its earlier employ- 

... a somewhat, different., but re lull'd, connection by the no led American physical 

wmiati 0* N. Lewis. 

AH hough the photon frequently regarded ns synonymous with the energy quantum, it. 
In, iii h i Iv, the quantity or quantum of nidiotiitn associated with a single quantum of rticiyy- 
It might, hi fml, be described as an "atom” or “purl ale’ 1 of radial ion. By equation (Z2) a 
phohm of radiation of frequency v rumen an amount (or quantum) h» of energy. 
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simultaneous recoil of the struck elec¬ 
tron (Fig. 3.5). 



Fig. 3.5. The Compton effect accom¬ 
panying the interaction of an X-ray 
photon with an electron. 
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3.37. Ionization by X-rays appar¬ 
ently requires a direct encounter be¬ 
tween an X-ray photon and an elec¬ 
tron present in the atom or molecule 
to be ionized. Since such encounters 
are not too common, it is possible to 
understand why the extent of ioniza¬ 
tion produced by X-rays is less than 
I would be expected from a wave motion 
I spreading in all directions. 


WAVES AND PARTICLES 


Wave-Particle Duality 

3.38. The situation now reached ap¬ 
peals to be contradictory: having first 
established, fairly convincingly, that 
radiations consist of electromagnetic 
waves, it has now been shown, equally 
convincingly, that radiations are emit¬ 
ted, transmitted through space, and 
absorbed as energy particles! How¬ 
ever, a more careful examination of 
the state of affairs will show that there 
is a possible way out of the apparent 
paradox. The diffraction and interfei - 
ence properties of radiation necessitate 
a wave structure, but photoelectric 
phenomena and the Compton effect 
Imply that radiation consists of parti¬ 
cles rather than waves. In other words, 
radiation may be regarded as having 
a dual wave-particle nature; some of 
the properties of radiation may be 
wave properties, while others are par¬ 
ticle properties. 

3.39. This dualism of the wave and 
particle functions of radiation led 
Louis de Broglie of France to suggest, 
in 1923, that a similar dualism might 
exist for material particles and elec¬ 
trons. His proposal was, essentially, 
that the wave-particle dualism repre¬ 
sented something that is perhaps fun¬ 
damental to the nature of the universe. 
By means of Planck’s quantum theory 
equation and the mass-energy rela¬ 


tionship of Einstein, to be considered 
shortly (§3.72), de Broglie showed 
that a particle of mass m moving with 
a velocity v should be associated with 
waves of length A, given by 


where h is the Planck constant. Simi¬ 
larly, radiation of wave length A, will 
be equivalent to a particle of mass 
h/Xv, moving with speed v , where in 
this case v is the velocity of light- 

3.40. Without going into details, it 
can be seen from equation (3.7) that 
the wave length is inversely related to 
the product of the mass and velocity 
of the particle; this product, i.e., mv> 
is known as the momentum of the par¬ 
ticle. Actual calculations show that, 
unless the mass m is very small, such 
as would be the case for an electron or 
for the lightest known atoms, namely, 
hydrogen and helium, the wave length 
of the matter waves , as they are often 
called, are so short that there are no 
means at present available foi theii 
detection. Nevertheless, there is little 
doubt that something with a wavelike 
character is always associated with a 
moving particle, although it is differ¬ 
ent from the electromagnetic waves of 
light and other radiations. 

3.41, It was mentioned in § 2.94 
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that crystals can act as diffraction 
gratings and can produce interference 
effects with X-rays, since the spacing 
of atoms and molecules in crystals are 
of the same order as the wave lengths 
of these rays. Soon after the publica¬ 
tion of de Broglie’s work, the sugges¬ 
tion was made in 1925 by W. Elsasser, 
in Germany, that evidence for the 
wave nature of electrons might be ob¬ 
tained in an analogous manner. From 
the known mass of the electron 
(§2.56), it was calculated that, with 
a moderately high velocity, such as 
could be obtained by passage through 
a potential of about 100 to 1000 volts, 
the de Broglie waves should have a 
wave length of the order of 10 -8 cm. 
If this were the case, then crystals 
should be capable of producing diffrac¬ 
tion effects with electrons. 

The Diffraction of 
Electrons and Atoms 

3.42. The first definite proof that 
electrons can be diffracted and conse¬ 
quently exhibit wave, as well as the 
familiar particle, properties was ob¬ 
tained in the Bell Telephone Labora¬ 
tories in New York by C. J. Davisson 
and L. H. Germer in 1927. By study¬ 
ing the reflection and scattering, by a 
nickel crystal, of a beam of electrons, 
given a specific velocity by passage 
through a known potential difference, 
It was found that the electrons be¬ 
haved like waves rather than like par¬ 
ticles. Using electrons which had been 
accelerated by a potential of 54 volts, 
I he experimental results were found 
In be equivalent to those expected 
from radiation of wave length 1.65 A. 
This was in remarkably good agree¬ 
ment with the value of 1.67 A cal¬ 
culated by means of the dc Broglie 
equation (3.7). 

3.43. Further evidence for the exist¬ 
ence of electron waves was obtained 


independently in 1927, by the English 
physicist G. P. Thomson, son of J. J. 
Thomson. He passed a stream of fast 
moving electrons through a very thin 
sheet of metal, and then allowed the 
resulting beam to fall on a photo¬ 
graphic plate. Upon development, the 
plate showed a diffraction pattern con¬ 
sisting of a series of concentric circles, 
just as might have been produced by 
X-rays, indicating that the electrons 
were manifesting wave properties. It 
is of special interest to mention that 
the diffraction pattern could be dis¬ 
torted by means of a magnet, showing 
it was actually produced by electrons 
and not by extraneous radiations, such 
as X-rays, which might have been 
present. Since 1927, the wave proper¬ 
ties of electrons have become almost 
commonplace in scientific laboratories. 
The electron microscope, for example, 
which is used for the examination of 
particles much too small to be visible 
in the best optical instruments, de¬ 
pends on the behavior of electrons as 
waves, although diffraction is not in¬ 
volved. 

3.44. Diffraction effects have been 
observed with streams of hydrogen 
and helium atoms—actually ions, i.e., 
protons and alpha particles, were used 
since they could be speeded up by 
means of an electric field—and even 
with neutrons. It is thus apparent 
that these particles which are two 
thousand, and more, times as heavy 
as the electron, also have wave prop¬ 
erties. There is little doubt that, if 
suitable detecting means could be de¬ 
vised, even heavier atoms and mole¬ 
cules would be found to exhibit the 
diffraction effects characteristic of 
wave motion. At the present time, 
there does not appear to be any way 
in which this might be accomplished. 

3.45. In view of the wave-particle 
| duality of inuttor, it may be wondered 
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if there is any point in making a dis¬ 
tinction between a wave and a par¬ 
ticle. In a sense, such a distinction is 
meaningless, since everything has 
wave character or particle character 
depending on the circumstances 
Nevertheless, it is still the genera 
practice to refer to an electron, a neu¬ 
tron, an atom or a molecule as a 
particle, whereas light, gamma rays 
and X-rays are regarded as waves. 
This is done because the familiar 
properties of the former group corre¬ 
spond to those associated with parti¬ 
cles, but the members of the latter 
group commonly behave as waves. A 
more satisfactory approach would be 
to differentiate between particle prop¬ 
erties and wave properties, rather than 
between particle and wave. Electrons, 
atoms and so on, usually exhibit par¬ 
ticle properties, whereas light, gamma 
rays’ and similar radiations normally 
manifest wave properties. But, if suit¬ 
able' conditions are established, the 
electrons and atoms will behave like 
waves, whereas the radiations can act 
like particles. 

The Uncertainty Principle 

3.46. It was realized by W. Heisen¬ 
berg, who was later in charge of Ger¬ 
many’s unsuccessful effort to develop 
an atomic bomb, that the wave-paiti¬ 
de duality of matter was merely one 
aspect of a general law of nature. On 
the basis of highly involved theoretical 
considerations, Heisenberg, in 1927, 
enunciated the uncertainty. principle 
which represents a generalization of 
the greatest significance. For the pres¬ 
ent purpose, this principle may >e 
stated in the following simplified form: 
The simultaneous exact determination 
of position and momentum, or of any 
property related to momentum, such 
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as velocity or energy, is impossible. 
That this is the case may be illustrated 
by reference to the electron. Its posi¬ 
tion might he found, in principle, by 
illuminating it with radiations of very 
short wave length, e.g., gamma rays, 
and then observing it in a suitable 
(imaginary) supermicroscope. _ How¬ 
ever. in this process of determining the 
position of the electron its momentum 
will change, because of the recoil re¬ 
sulting from the Compton effect, he., 
from the interaction of the electron 
with a gamma-ray photon. Conse¬ 
quently, although the position of the 
electron might be obtained very ex¬ 
act,ly, the momentum could not pos¬ 
sibly’be estimated with any degree of 

accuracy. _ 

3,47. At first sight, it seems that 
this difficulty might be overcome by 
making use of the wave character o 
the electron and measuring its wave 
length, by means of an appropriate 
diffraction grating; the momentum 
could then be calculated exactly by 
means of the de Broglie equation 
(3.7). But this device would be of no 
avail. Since the electron wave under¬ 
goes diffraction, in the determination 
of the momentum, its direction of mo- 
tion is changed and the position of the 
electron is no longer defined. No mat¬ 
ter what method is employed, the final 
result is inescapable: if the position ol 
a particle can be determined exactly, 
then its momentum is indefinite, but 
if the momentum is obtained with con¬ 
siderable precision, the position will he 
uncertain. In every case, there will be 
an inevitable interaction of the particle 
under observation with the measuring 
system, so that if either the position or 
the momentum is determined accu¬ 
rately, the other will be indefinite It 
is important to emphasize that these 
circumstances are not due to expen- 
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mental errors, but to a fundamental 
characteristic of nature. 

3.47. It can be seen from the forego¬ 
ing discussion that when investigating 
the precise position of an electron, it 
is treated as a particle, but if its mo¬ 
mentum is required, then use is made 
of the wave properties. Similar con¬ 
siderations apply to all particles and 
also to radiation. This means that for 
certain purposes a system may be 
treated as a particle, and for other 
purposes as a wave motion, but it can¬ 
not be considered as having both par¬ 
ticle and wave characters simultane¬ 
ously. Thus the wave and particle 
properties of matter and radiation are 
to be regarded as complementary and 
not contradictory. 

Wave Mechanics 

3.49. In order to determine the fu¬ 
ture behavior of a moving particle by 
means of Newtonian or classical me¬ 
chanics, it is necessary to know both 
its position and momentum at any 
particular instant. According to the 
uncertainty principle, however, these 
two quantities cannot be precisely 
known at the same instant, and so the 
behavior of the particle cannot be pre¬ 
dicted. This statement would appear 
to be contrary to experience, since cal¬ 
culations relating to the motion of 
both terrestrial and celestial bodies 
have proved remarkably accurate. 
The explanation is that for bodies of 
appreciable mass, the uncertainty in 
( he determination of either the posi¬ 


tion or the momentum is so very small, 
both relatively and absolutely, that it 
is less than the normal experimental 
error of observation.* The use of clas¬ 
sical mechanics in such cases gives re¬ 
sults which are, at least, as accurate 
as the actual measurements. 

3.50. When dealing with very small 
particles, such as electrons and other 
constituents of atoms, however, the 
situation is very different. The uncer¬ 
tainties are here so relatively large 
that classical mechanics is virtually 
useless. For the treatment of such 
minute particles a new procedure, 
known as quantum mechanics or wave 
mechanics, in which the apparent cer¬ 
tainties of classical mechanics are re¬ 
placed by probabilities, was intro¬ 
duced by the Austrian-born physicist 
E. Schrodinger in 1926 and developed 
by himself and by others.f It is diffi¬ 
cult to ascribe an exact physical signif¬ 
icance to the mathematical treatment, 
but it may be thought of somewhat 
along the following lines. The position 
of an electron, or other particle, of 
definite momentum or energy cannot 
be known exactly, because of the op¬ 
eration of the uncertainty principle, 
and it is possible to state only the sta¬ 
tistical probability that the particle 
will be found at any given point. Since 
it has been established that particles 
can exhibit what appear to be wave¬ 
like properties, the new mechanics 
postulates that this probability can 
be expressed by means of a relation¬ 
ship which is similar to that used for 
describing wave motion in general. 


* According In the uncertainty principle the product of the uncertainties in the detenu in a- 
I inn of t,hc position and momentum is approximately equal to the Planck constant h , i.e. T 
0112 XJ0 * T erg see. (or gram cm. 2 /sec.). For a body of appreciable mass this uncertainty 
t lhri k negligible, but for an electron, with a mass of UT ST gram, or even for a light atom, 
bin'll is evidently not the case. 

t Wave mechanics should really be used for all systems, large or small. But, for bodies 
linger Ilian a single molecule, the results are essentially identical with those derived from 
eliiNsical mechanics, so that the latter, which is considerably simpler, is invariably employed. 
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The situation, as far as it can he given 
a physical interpretation, is that the 
statistical probability of finding a 
particle in a particular place can be 
represented by an equation of the 
same form as that which describes 
the propagation of waves. 

3 . 5 1, It should be admitted quite 
frankly that at the present time the 
mathematical applications of wave 
mechanics have outrun their interpre¬ 
tation in terms of understandable re¬ 
alities. There is little doubt, in view of 
their remarkable success in various 
atomic studies, that the equations of 
wave mechanics are substantially cor¬ 
rect, but their underlying significance 
is by no means obvious. Some scien¬ 
tists are content with the mathematics 
alone, for they consider that its exact 
physical meaning is beyond human 
comprehension at present. Louis de 
Broglie, for example, said: “Recent 
theoretical views suggest that a mech¬ 
anistic view of nature cannot be 
pushed beyond a certain point, and 
that the fundamental laws can only 
be expressed in abstract terms, defy* 
ing all attempts at an intelligible de¬ 
scription.” Even among those who 
attempt an interpretation in material 
terms, there is no complete agreement. 
At any rate, the point of view ex¬ 
pressed in the preceding paragraph, 
which is based on that of Max Born 
11926), even if not absolutely true, 
does provide a fairly simple, con¬ 
venient, and probably not too mislead¬ 
ing way of considering the postulates 
and results of wave mechanics. Some 
of these results as applied to atomic 
properties will be considered in later 
chapters. 
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Significance of Wave 
Properties 

3.52. Although it is admitted that 
particles are associated with wavelike 
properties, the nature of the so-called 
matter waves of de Broglie still pre¬ 
sents a problem. It is known that they 
are not electromagnetic waves, like 
X-rays or gamma rays, although they 
may have similar wave lengths, but 
wliat they are is not evident. If the 
interpretation of wave mechanics given 
above is accepted, a possible solution 
of this problem may be found, foT the 
matter waves would not represent an 
actual wave propagation. A stream of 
moving particles behaves like a train 
of waves merely because the statistical 
probability of finding a particle at any 
point in its path is represented by a 
wave equation. Why such an equation, 
rather than some other form, should 
give the distribution of the particles in 
space is still a mystery. There is little 
doubt that this view, like many other 
scientific theories, will have to undergo 
modification in the future, but for.the 
present it may be accepted, at least as 
a working hypothesis. 

3.53. Similar considerations may 
conceivably apply to radiations. Al¬ 
though these are still referred to as 
electromagnetic waves, for they arc 
undoubtedly associated with electric 
and magnetic fields which obey a wave 
equation, there is not necessarily any 
wave motion. It may perhaps be pel- 
missible to consider radiation as con¬ 
sisting of photons whose statistical 
distribution is represented by an equa¬ 
tion of the form applicable to the 
propagation of waves. 
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The Ether and the 
Velocity of Light 

3.54. When physicists in the early 
years of the nineteenth century were 
developing the wave theory of light, 
they considered the waves to have re¬ 
ality and so it was felt there should be 
a medium which carried them. Just as 
ripples on the surface of a pool are 
transmitted by the water, and sound 
requires air or other material, so it 
seemed that a medium was necessary 
for the propagation of light waves. It 
was postulated, therefore, that there 
existed an all-pervading luminiferous 
(or light-bearing) ether , a view which, 
incidentally, is no longer accepted, at 
least not in its original sense. Since 
light reaches the earth from distant 
Hlars in outer space, the ether was 
presumed to extend indefinitely, so 
that it was regarded as virtually iden¬ 
tical with space itself. When Maxwell 
wliowed that light was associated with 
a varying electromagnetic field 
(§ 3.23), the belief in the hypothetical 
oilier was strengthened. In addition to 
carrying radiation, it provided the 
medium for the propagation of electro¬ 
magnetic disturbances. No one could 
way exactly what the ether was, and 
(here was no real proof of its existence; 
nevertheless, the view was widely ac¬ 
cepted that the ether had real signifi- 
eiuioe. 

3.55. Various astronomical measure¬ 
ments had led to the conclusion that 
I lie ether, if it exists, is stationary, and 
lliat bodies such as the earth, sun and 
pdars move through it without produc¬ 
ing any disturbance. If this were the 
cane, then it should bo possible to dc- 
lenninc the absolute speed with which 
I lie earth is moving through space by 
observations on the vclooity of light, 


Suppose the earth travels through the 
stationary ether at an absolute speed 
of v , say in miles per hour. Consider a 
fixed source on the earth from which 
light is emitted; let c be the speed of 
light through the ether. If the direc¬ 
tion of propagation of light happens to 
coincide with that in which the earth 
is moving, the velocity of the light rel¬ 
ative to the ether will be c + v. If, 
however, the light travels in the direc¬ 
tion exactly opposite to that of the 
earth, its relative velocity will be c — 
v. The situation is similar to that of a 
man swimming with a speed c in a 
river flowing at the rate v; if the 
swimmer travels in the direction in 
which the river is flowing, his speed 
relative to a point on the river bank 
will be c + v. But if he travels in the 
opposite direction, his speed will be 
c — v, 

3.56. The time taken for the light to 
travel a definite distance l in the direc¬ 
tion of the earth's motion is then 
l/(c + v), while the same distance in 
the opposite direction will require the 
time l/(c — v). Hence, if light were to 
travel a certain distance l in the direc¬ 
tion in which the earth is moving, then 
be reflected back and travel the same 
distance in the opposite direction, the 
time required would be given by 

Time for travel parallel to earth's 

motion 

= _J_ l = 2 cl 

C + l> c — v c 2 — V 2 

3.57. Suppose now that the light 
coming from the source on the earth is 
propagated in the ether in a direction 
perpendicular to the earth's motion. 
The speed will be unaffected by the 
movement of the earth, and the light 














80 


Sourcebook on Atomic Energy 


will travel to and be reflected from a 
certain point with the velocity c, its 
absolute speed through the ether. 
However, because of the supposed 
motion of the earth through the ether, 
the distance over which the light has 
to travel will be increased. This case is 
exactly analogous to a man swimming 
in a direction perpendicular to that of 
the river’s flow. His actual path will be 
as represented by the broken line in 
Fig. 3.6, rather than by the full line, as 
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Fig-. 3.6. Path of swimmer crossing 
stream at right angles to direction of 
flow. 

would have been the case if the river 
had been stationary. It is a simple 
matter of geometry to show that the 
path is now Ic/yfc 2 — v 2 , instead of l. 
Hence the time taken for the light to 
travel, at the speed c, in each direction 
is l/yjc 2 — v 2 , so that 

Time for travel perpendicular to 
earth’s motion 

_l _ + _J_ 2 1 

Vc 2 — v 2 y/ & — $ V c 2 — v 2 

The ratio of the times for propagation 
of light parallel and perpendicular to 
the earth’s motion is then obtained by 
dividing the two expressions; thus, 

Ratio of times 

2 cl Vc 2 — v 2 
c 2 — v 2 21 

= _ £_ _ = 1 (3.8) 

Vc 2 — v 2 Vl — v 2 /& 
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3.58. The speed c at which light 
travels is known, namely, 186,266 
miles (or 2,99779 X 10 10 cm.) per sec.; 
hence, if the ratio of the times required 
for the light to travel in the two paths 
at right angles could be measured, the 
value of v , the rale at which the earth 
moves through the ether, could be 
readily calculated from equation (3.8L 

The Michelson-Morley 
Experiment 

3 .59. If a means could be devised for 
dividing a beam of light from a given 
source into two rays propagated at 
right angles to one another, making 
them travel the same distance to a 
mirror where each is reflected back, 
and comparing the times of arrival of 
the two rays, the problem of deter¬ 
mining the earth’s speed through the 
ether would, presumably, be solved. 
The first reliable measurements of this 
kind were made in Potsdam, Germany, 
by the noted American physicist A. A. 
Michelson in 1881. The results were so 
unexpected that the work was repeated 
by Michelson, in Cleveland, Ohio, in 
conjunction with E. W, M or ley. In 
1887, a report of the historic Michel¬ 
son-Morley experiment was published: 
it was found that there was no signifi¬ 
cant difference between the rates at 
which the light traveled in the two di¬ 
rections at right angles to each other. 
Various orientations of the beams were 
tried, but the results were always the 
same; the speed of light was independ¬ 
ent of its direction of propagation * _ 

3.60. The Michelson-Morley experi¬ 
ment thus showed that the ratio of the 
times of travel of light in equation 
(3.8) is virtually unity, and this pre¬ 
sumably meant that v , the rate at 


* Actually, a difference, about a quarter of that expected for a stationary ether, Tras ob- 

served, but it was disregarded. However aa a result of conHud^ 

Morlev with D C Miller (1902-1905) and hy Miller alone (1921-1932), the latter tone uaea 
that (his difference has real significance. Nevertheless, other experimenters consider that the 
discrepancy is due, mainly if not enl.irt'ly, to experimental error. 
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which the earth moves through the 
ether, is zero. In other words, it ap¬ 
peared that the earth does not travel 
through a stationary ether, but carries 
the ether along with it. This surprising 
conclusion represented a complete con¬ 
tradiction of the long-accepted view 
that the earth, and other bodies, 
moved through the ether without dis¬ 
turbing it, and consequently it created 
a sensation in the world of science. 

3.61. In seeking for a way out of the 
dilemma, the Irish scientist G. F. Fitz¬ 
gerald (1893), while retaining the sta¬ 
tionary ether hypothesis, suggested 
that a body traveling in a direction 
parallel to the earth’s motion actually 
undergoes a contraction. This contrac¬ 
tion would not normally be observed 
I >ecause the measuring instrument 
would contract correspondingly, and 
Hie distance would appear to be un¬ 
changed. Thus, it was supposed that 
iu the Michelson-Morley experiment 
the apparatus changed its dimensions 
in such a way as to compensate exactly 
for the expected difference in the veloc¬ 
ity of light in the two directions at 
right angles. The ratio of the velocities 
would thus appear to be unity. Ac¬ 
cording to Fitzgerald, the contraction 
In the direction of the earth’s motion 
would be represented by the factor 
\/\ — v 2 /c 2 , which is, of course, identi¬ 
cal with the denominator of equation 
(3.8). 

Velocity and Mass 
of the Electron 

3.62. It was indicated in § 2.57 that 
I lie mass of an electron varies with its 
upccd. The first evidence of such a 
variation was obtained by W. Kauf- 
inuim, who had made some of the very 
•wrlieHt measurements of the specific 


charge of an electron (§ 2.43). In 1900, 
he described a method for determining 
e/m for high-velocity beta particles 
from a radioactive source, making use 
of deflections in electric and magnetic 
fields. The experimental arrangement 
was such that differences in the veloci¬ 
ties of the beta-ray electrons could be 
detected at the same time, and it ap¬ 
peared that the e/m value decreased 
slightly as the velocity increased. This 
conclusion was apparently confirmed 
by A. H. Bucherer in 1908,* and by E. 
Hupka in 1910; the former used beta 
rays, and the latter highly accelerated 
cathode rays, as the source of electrons. 
Provided the speed of the electrons is 
less than about one tenth of the veloc¬ 
ity of light, the specific charge e/m is 
essentially constant, but as the speed 
increases, the values of e/m exhibit a 
definite decrease. If, as is very prob¬ 
able, the actual charge e of the electron 
is independent of its velocity, it must 
be concluded that the mass of an elec¬ 
tron increases as its speed is increased. 

3.63. In the course of his studies in 
mathematical physics, the great Dutch 
scientist H. A. Lorentz had derived an 
expression relating the mass of an elec¬ 
tron to its speed. His arguments may 
be stated in the following elementary 
form. A moving electron is assumed to 
contract in the direction of its motion 
by the Fitzgerald factor \/l — v 2 /c 2 , so 
that if r 0 is its radius when at rest, the 
value will be tvv/I “ v 2 /c 2 when the 
electron is moving with a speed v. If 
the mass of a spherical electron is as¬ 
sumed to be electromagnetic in nature, 
then by equation (2.11) the mass 
should be inversely proportional to the 
radius. Representing the rest mass of 
the electron, i.e., the mass for very 
small velocities, by m 0 , and its mass 
when moving with the speed v by the 


* More; recent work Iiuh shown Unit liucherer’H experimental procedure was not capable of 
Nh Inn Ihe degree of accuracy which ho claimed for his results. 
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letter m, it consequently follows that 

m __ r ^ —- 

mo ~ r u (v'l - v-/iJ) v' l - ir/d 2 

or, 

m (3.9) 

W —-* v 

3.64. Since the factor \/l — v*/c? is 
always less than unity, it is seen that 
the mass m of the electron when mov¬ 
ing with a speed v should be greater 
than the rest mass m 0 . If v is about one 
tenth of the velocity of light, i.e., v/c 
is 0.1, then V'l ~ v */c? is 0.995, and 
the actual mass m is 1.005 m 0t differing 
from the rest mass by only 0.5 per cent. 
But,, if v is 99 per cent of the speed of 
light, so that v/c is 0.99, then the actual 
mass will be 7.10 times the rest mass. 
As the speed of the electron approaches 
that of light the ratio m/m 0 should in¬ 
crease very rapidly, as shown in Fig. 
3 .7. The experimental determination 



Fig. 3.7. Increase of mass, relative to its 
rest mass, of a moving particle with in¬ 
creasing velocity. 

of e/m, for electrons moving at various 
speeds up to about eight tenths of the 
velocity of light, are in excellent agree¬ 
ment with equation (3.9), so that this 
may be taken as giving a satisfactory 
representation of the effect of motion 
on the mass of an electron. 
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The Theory of Relativity 

3.65. The Lorentz equation for the 
influence of speed on electron mass is 
undoubtedly of the correct form, but 
the arguments upon which it was based 
have proved inadequate. However, in 
1905, using his theory of relativity, the 
German-bom Albert Einstein. at the 
time an examiner in the Swiss Patent 
Office, derived an expression identical 
with equation (3.91, but applicable to 
all moving particles, and not merely to 
electrons. The important point is that 
for all bodies, whether they carry an 
electric charge or not, and regardless 
of whether their mass is electromag¬ 
netic in origin or not, the mass should 
increase with increasing velocity. The 
reason why such an increase of mass m 
not usuallv obscrve(1 wi 11 be r 1 ear from 
Fig. 3.7; it will not be detectable until 
the speed approaches that of light, for 
it is only then that m/m 0 becomes^ap¬ 
preciably greater than unity. Such 
high speeds are, of course, unusual. 
They can be obtained with beta parti¬ 
cles from radioactive sources, and with 
specially accelerated electrons and 
other charged particles (Chapter IX); 
in these cases, there is no doubt that 
the mass floes increase with tlie speed. 

3 .66. In attempting to explain the 
Michelson-Morley experiment, Ein¬ 
stein first discarded the ether concept 
as unnecessary; he then made two as¬ 
sumptions; first, that determination of 
absolute motion is impossible, and, sec¬ 
ond, that the velocity of light always 
has a constant value, irrespective of 
the motion of the source or of the ob¬ 
server. These two postulates formed 
the basis of the special theory of rela¬ 
tivity, which Einstein used to obtain 
resuits that have had a profound effect 
on many branches of science. It is not 
possible here to do more than touch 
very superficially on such aspects of 
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the theory as are applicable to the 
problem of atomic energy. 

3.67. Suppose a signal lamp flashes 
a beam of light of velocity c down a 
railroad track, along which a train is 
traveling at a speed v; according to the 
laws of classical mechanics, to an ob¬ 
server on the train, the speed of light 
relative to himself should be c + v if he 
is moving toward the signal, or c — v if 
lie is traveling away from it. But the 
theory of relativity, based on the re¬ 
sults of the Michelson-Morley experi¬ 
ment, states that the observer on the 
train will always find the velocity of 
light to have the constant value c, rela¬ 
tive to himself, no matter in what di¬ 
rection he is moving. The explanation 
is that, although the observer does not 
realize it, his instruments for measur¬ 
ing both distance and time, which are 
necessary for determining velocity, are 
undergoing change as the train moves 
in one direction or the other. As a re¬ 
sult of these changes the observer will 
ill ways find the velocity of light to have 
I lie same value regardless of the direc- 
lion of his motion. Another observer 
who remains stationary with respect to 
I he signal lamp would, in theory, be 
able to detect the changes in the meas¬ 
uring instruments on the moving train, 
with respect to his own stationary in- 
hI rmnents. 

3.68. In order to satisfy the require¬ 
ments of the theory of relativity, meas¬ 
urements of length and time made with 
respect to a moving body have to be 
converted, by the use of certain mathe¬ 
matical transformations, to give the 
corresponding values with respect to 
a stationary body. Thus, length and 
lime arc relative, and not absolute, 
quiuititics, the values depending on the 
motion of the body with respect to 
which they are measured. 

3.69. These relativity corrections in¬ 
volve the term \/i — v 2 /c u f encoun¬ 


tered in the preceding paragraphs, 
which does not differ appreciably from 
unity until the velocity v of the moving 
body is as high as about one tenth of 
the speed of light. Hence, for speeds 
which are small relative to the velocity 
of light, e.g., up to about 18,000 miles 
per second, but nevertheless, extremely 
high by ordinary standards, the cor¬ 
rections are quite negligible. Under 
normal conditions, therefore, it would 
not be possible to detect the expected 
changes in the instruments for deter¬ 
mining length and time; classical me¬ 
chanics is then adequate for treating 
moving bodies. From what has been 
stated here and in § 3.49, it is evident 
that Newton’s laws of motion represent 
what are called limiting laws. Although 
they are entirely adequate for the 
limiting cases of relatively large bodies, 
i.e., larger than a molecule, moving 
with moderate speeds compared with 
that of light, they break down when 
applied to particles of small dimen¬ 
sions, traveling with very high speeds 
It is these latter conditions which exist 
within the atom; consequently, in 
atomic studies new laws based on wave 
mechanics and relativity must replace 
the classical laws of motion. 

The Mass-Energy Relationship 

3.70. In the further development of 
his theory, Einstein was able to show 
that similar considerations apply to 
mass as to length and time. The trans¬ 
formation factor required to convert 
the mass of a moving body to the rest 
mass was found to be identical with 
that derived by Lorentz for the elec¬ 
tron, so that equation (3.9) given 
above holds for any system. It is often 
referred to as the relativistic mass 
equation, the mass m being called the 
relativistic mass , to distinguish it from 
Wo, the rest mass, fur low velocities. 
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3.71. Writing equation (3.9) in the 
equivalent form 

m = m 0 (1 — v 2 /c 2 )~ 112 , (3.10) 

and expanding the right hand member 
by means of the well-known binomial 
theorem of algebra, all terms beyond 
the first being neglected since they are 
usually very small, the result is 

, %m 0 v 2 

m =m 0 i-r— ; 

& 

The quantity V^v 2 is approximately 
the kinetic energy of the body due to 
its motion with a speed v (§ 3.5); rep¬ 
resenting this by Ekj equation (3.11) 
may be written as 

, E* 

m = m 0 H —~ 

& 

or 

i F k 

m — mo = —i 

i c 2 

where, as usual, c is the velocity of 
light. The quantity m Wo, the dif¬ 
ference between the mass of the mov¬ 
ing body and its rest mass, may be 
represented by Am, so that 



The increase in mass Am of a body as 
a result of its motion is thus directly 
related to the kinetic energy E k . Hence, 
it would appear from the theory of rel¬ 
ativity that there is a definite mass 
equivalent of energy, at least of kinetic 
energy.* 


3.72. By the use of more detailed 
calculations, Einstein proved, as he put 
it, that “the mass of a body is a meas¬ 
ure of its energy content” and that 
when the energy of a body is changed 
by an amount E —no matter what 
form the energy takes—the mass of 
the body will change in the same sense 
by E/c 2 . Consequently, it is possible 
to write the general relationship 

E = me 2 , (3.13) 

where the mass m is the equivalent of 
the energy E. This result, often re¬ 
ferred to as the Einstein mass-energy 
equation , is fundamental to the whole 
subject of atomic energy. It shows that 
there is an exact equivalence between 
energy and mass, and it points to the 
possibility of releasing large amounts 
of energy by the “destruction” or, 
more exactly, by the conversion, of 
mass. 

The Conservation of 
Mass and Energy 

3.73. In the early years of the pres¬ 
ent century, there were two scientific 
laws which would have been univer¬ 
sally regarded as completely inviolate. 
They were the laws of the conservation 
of mass and of the conservation of en¬ 
ergy, which stated that matter, deter¬ 
mined as mass, and energy can neither 
be created nor destroyed. From the 
time of the Greek philosopher Anaxa¬ 
goras, about 450 b.c., through that of 
Francis Bacon, who in his Novum Or~ 
ganum, published in 1620, wrote: 
“. . . the absolute quantity or sum 


* The derivation of equation (3.12) given here is simple but. very approximate. A more 
exact procedure, using calculus, is the following. A force F acting on a body movmg through 
f distance dx me reals the kinetic energy by Fdx, which may be representedl by dEBy 
Ncwtmr's second law force is equal to the rate of change oi momentum, so that, t — 
and consequently dE = Fdx = d(mv)dx/dt. Since represents the^velocity 

of'the moving body, it may be replaced by r; consequently dE = ± 

iitvflr Differentiation of the relativistic maws equation (3.0). in the torm m u. 

T. ' K iv« ( "* - v')d,n - mvdv = 0. since m« and c arc constant. Comparison with the 
preceding equation for dE shows that dm - dE/ e*. which is similar to, but more exact than, 
equation (H I2). 
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total of matter remains unchanged 
without increase or diminution,” and 
of A. L. Lavoisier in the latter part of 
the eighteenth century, up to recent 
years, the indestructibility of matter 
(or mass) had been regarded as axio¬ 
matic. In fact all the quantitative 
aspects of chemistry involved the tacit 
assumption that there was no net 
change of mass in a chemical reaction. 
The extremely accurate and painstak¬ 
ing experiments of H. Landolt (1909) 
in Germany and of J. J. Manley (1912) 
in England showed that if there was 
such a gain or loss of mass, it could 
not exceed about one part in a hundred 
million, this being the limit of accuracy 
of the balances used for weighing. 

3.74. The nature of heat and its rela¬ 
tionship to energy was only vaguely 
Understood until the end of the eight¬ 
een tli century when, in 1798, the 
American-bom Benjamin Thompson, 
Count Rum ford of the Holy Roman 
Empire, and Minister of War in Ba¬ 
varia, published a paper entitled An 
Enquiry Concerning the Source of Heat 
Which is Excited by Friction . From 
itlidics made in the boring of brass 
ounnon, he showed there is a direct 
Connection between the heat generated 
And the mechanical work done. From 
\hr subsequent investigations of the 
English scientist Humphry Davy 
( IHJ2I, of the German physician J, R. 
Mayer (1842), of the Danish philoso¬ 
pher L. A. Golding (1843) and of the 

I'ngbsli brewer turned scientist J. F. 
ifuule (1843-1878), the exact equiva¬ 
lence between work and energy was 
definitely estab 1 ished, 

4.75. The fundamental implication 
uf Hicno studies was realized by the 
cin 1 m'ivt German physicist IT. von 
Helmholtz, who in 1847 enunciated the 
concept of tho conservation of energy. 
Tin 1 essence of this principle is Hmt ill- 
Ihuugh one form of energy may be con¬ 


verted into another form, it can neither 
be created nor destroyed. In other 
words, whenever there is a production 
of energy of any kind, such as work, 
heat or electrical energy, an exactly 
equivalent amount, of another kind 
must have been used up. Support for 
this law was provided not only by fail¬ 
ure of the innumerable attempts to 
achieve perpetual motion, he., the con¬ 
tinuous production of mechanical en¬ 
ergy without the use of a corresponding 
quantity of some other form of energy, 
but, more significantly, by its un¬ 
doubted success in thermodynamics 
and engineering. 

3.76. It would appear from the fore¬ 
going review that Einstein's concept of 
the equivalence of mass and energy is 
entirely contrary to the laws of conser¬ 
vation of mass and energy. If a fast- 
moving body is slowed down, its mass 
should decrease, according to the mass- 
energy relationship; if its motion is 
accelerated the mass should increase. 
Similarly, if the mass of a system could 
be changed in any way, as is in fact 
possible for many processes taking 
place within the interior of atoms, 
there should be a corresponding libera¬ 
tion or absorption of energy. Although 
these conclusions appear to be contrary 
to the simple conservation laws, the 
results can be reconciled by a some¬ 
what broader interpretation of the 
conservation principle. A useful way 
of looking at the situation is to regard 
mass and energy as different mani¬ 
festations—as they probably are—of 
some fundamental property of matter. 
Then, in any process or change, it is 
always the combined mass and energy 
that is conserved. Energy can be “con¬ 
verted” into mass and mass into en¬ 
ergy, but the total, based on equation 
(3.13) to express the equivalence of 
mass and energy, always remains un¬ 
changed. 
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3.77. In view of the postulated 
equivalence of mass and energy, it 
may well be asked: Why had changes 
in mass not been detected, especially 
in' chemical reactions in which large 
amounts of energy are liberated as 
heat? This question can be readily an¬ 
swered by means of a quotation from 
the Principles of Science , by the Eng¬ 
lish philosopher W. S. Jevons, pub¬ 
lished as long ago as 1879, “Physicists 
[and chemists] often assume quanti¬ 
ties to be equal provided they fall 
within the limits of probable error of 
the process employed. . . . We cannot 
prove the indestructibility of matter; 
for were an exceedingly minute fraction 
oi existing matter to vanish in any ex¬ 
periment . . . we should never detect 
the loss.” In other words, a change in 
mass could not be detected if it were 
less than the experimental error, as it 
is indeed in chemical reactions even 
where measurements have been made 
with the greatest possible precision. 

3.78, It can now be understood why 
the classical laws of conservation of 
mass and of energy were believed to 
hold. In the more familiar cases of 
energy production and absorption, such 
as in chemical processes, the energy 
changes are of such magnitude that 
the corresponding changes in mass are 
undetectable. Thus, mass appears to 
be conserved. The same is true, of 
course, when one (conventional) form 
of energy, e.g., mechanical work, is 
converted into an equivalent amount 
of another form, e.g., electricity. How¬ 
ever, when it comes to rearrangements 
within the atoms themselves, the en¬ 
ergy changes are something like a 
million times as large as in chemical 
reactions. The changes of mass are 
then appreciable, and they have been 
shown, in various ways, to be in ac¬ 
cord with the Einstein mass-energy 
equation. 
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Interconversion of Mass 
and Energy 

3 .79. A more detailed application of 
the mass-energy relationship to the 
subject of atomic energy will be given 
in Chapter IX, and various references 
to it will be made elsewhere. At this 
point, it will be sufficient to illustrate, I 
by means of a few examples, the 
method of calculation and the general 
nature of the results obtained using the 
equation E = me 2 , where E represents 
the energy equivalent of a mass m, 
and c is the velocity of light. If c is 
expressed in centimeters per second, 
and m in grams, then E will be given 
in ergs (§3.32 footnote). Since the 
velocity of light is known to be 
2.998 X 10cm. per sec., the Einstein 
mass-energy equation can be written 
as 

E (ergs) 

= m (grains) X (2.998 X 10 10 ) 2 

= m (grams) X 8.99 X 10 20 . (3.14) 

In many measurements, particularly 
where there is an evolution or absorp¬ 
tion of heat, as in chemical reactions, 
the energy is expressed in heat units or 
calories, 1 calorie being equivalent to 
4.184 X 10 7 ergs. Making this substi¬ 
tution, it is readily found that equation 
(3.14) takes the form 

E (calories) 

= m (grams) X 2.15 X 10 13 . (3.15) 

3.80. Consider a process, such as the 
combustion of a hydrocarbon fuel, in 
which 100 grams of a chemical sub¬ 
stance undergo reaction with the liber¬ 
ation of 1 million, i.e., 10 e , calories; 
this is an exceptionally large amount 
of heat for a chemical reaction. By 
means of equation (3.15) it is possible 
to calculate the decrease of mass to be 
expected. Substituting 10° calories for 
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E in the left-hand member, it follows 
that 


10 6 = m X 2.15 X 10 13 , 


m = 4.65 X 10“ 8 gram. 

The loss of mass equivalent to the en¬ 
ergy evolved will thus be 4.65 x 10~ 8 
parts by weight in a hundred, which is 
less than one in a billion. Such a de¬ 
crease is beyond the possibility of 
detection by even the most sensitive 
chemical balances. This is the reason, 
as indicated above, why the mass- 
energy effect has not been observed in 
chemical reactions. 

3.81. As stated earlier, the electron 
volt and, particularly, the million 
.electron volt units are commonly used 
for expressing energies in atomic 
studies. Utilizing the fact that 1 ev is 
equivalent to 1.60 X 10“ 12 erg and 1 
Mev to 1.60 X 1O- 0 erg (§3.33), it 
follows from equation (3.14) that 


E (ev) 


= m (grams) X 


8.99 X 10 20 
1.60 X 10 -12 


= m (grams) X 5.61 X 10 32 
li (Mev) 

= m (grams) X 5.61 X 10 26 . (3.16) 


3.82. In many calculations involving 
liuiss-energy equivalence in processes 
occurring within the interior of atoms, 
11 - is convenient to express masses on 
the atomic weight scale, i.e., relative 
to Hie oxygen atom as 16,0000.* Unit 
ftuiHs on this scale, referred to as an 
atomic mass unit , is then one-sixteenth 
of the mass of an oxygen atom. Since, 
iin whown in § 1.57, the mass of any 
idniTi in grams is equal to its atomic 
weight divided by the Avogadro 
number (6.025 X 10 2R ), the mass of an 


oxygen atom is 16/(6.025 X 10 23 ). 
Hence, in view of the definition, an 
atomic mass unit, abbreviated to 1 
a.m.u., is equivalent to 1/(6.025 X 
10 23 ) = 1.66 X 10 -24 gram. Upon in¬ 
serting this factor into equation (3.16), 
the result is 

E (Mev) 

= m (a.m.u.) X 5.61 X 10 26 X 1.66 
X io- 24 

= m (a.m.u.) X 931, (3.17) 

where m (a.m.u.) represents the mass 
(or mass change) in atomic mass units, 
i.e., on the physical atomic weight 
scale. It is seen, therefore, that 1 
atomic mass unit is equivalent to 931 
Mev or, in other words, the energy 
equivalent in Mev is obtained upon 
multiplying the mass (or mass change) 
on the atomic weight scale by a factor 
of 931. 

3.83. In several chapters of this 
book examples will be given of the use 
of the foregoing mass-energy and re¬ 
lated equations. The agreement with 
experiment in so many instances has 
supplied abundant confirmation of the 
equivalence of mass and energy, at 
least for cases of this type. Even if in 
the course of time the theory of rela¬ 
tivity should be amended or, as is 
probable, it is found to be an aspect of 
a much wider generalization, it seems 
certain that the Einstein equation 
E = me 2 will remain essentially un¬ 
changed. 

Positron-Electron Pair 

Formation and Annihilation 

3.84. A simple application of the 
relationships between mass, on the one 
hand, and the energy or the wave 
length of electromagnetic radiation, 
on the other hand, for which the basic 


Physical, .rather than the chemical, atomic weight scale (8 8.01) is used, but the 
ySiTnionce is of minor importance for calculations involving four significant figures-or less, 
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information has been given in Chapter 
XI, is concerned with the formation 
and annihilation of positron-electron 
pairs. The value of the annihilation 
energy (§2.77) is calculated in the 
following manner. As seen in § 2.56, 
the rest mass of the electron is close 
to 9,11 x ]0 _2S gram, and the positron 
has the same mass. Positron-electron 
annihilation, therefore, results in a loss 
of mass of 2 X 9.11 X 1()- 28 gram. 
Using equation (3.16), the accompany¬ 
ing liberation of energy should be 

E = 2 X 9.11 X 10 -28 X 5.61 X 10 26 
= 1.02 Mev. 

Thiis, the total amount of energy 
produced in the mutual annihilation of 
a positron and an electron is 1.02 Mev. 
If this energy were emitted as a single 
photon of radiation, the latter would 
lie .in the gamma-ray region, since the 
wave length, as derived from equation 
(3.6), would be 1.21 X 10- 10 cm. It 
will be seen shortly that the 1.02 Mev 
appears much more commonly as two 
or three photons; however, the result¬ 
ing radiations may still be regarded 
as gamma rays. 

3.85. By reversing the calculation 
made above, it is apparent that an 
energy of 1.02 Mev, at least, would be 
required to create a positron -electron 
pair. Two experimental facts may be 
mentioned in support of this value. 
First, the additional absorption of 
high-energy gamma rays, which was 
attributed in § 2.78 to the conversion 
of part of the energy into positron- 
electron pairs, does not become ap¬ 
parent until the gamma-ray energy 
quantum exceeds 1.02 Mev. The 
second is based on the fact that the 
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gamma rays from thorium C", which 
are known to have an energy ol 2.62 
Mev, can produce positron-electron 
pairs. If the creation of a pair requires 
1.02 Mev, the excess energy of 2.62 — 
1.02 = 1.60 Mev should remain. This 
might lie transferred to the electron or 
positron or, more probably, be shared 
by both. In complete agreement with 
this expectation, measurements show 
that the maximum energy carried by 
a positron formed in this manner is 
1.6 Mev. 

3.86. It was suggested by the Yugo¬ 
slav scientist S. Mohorovicic in 1934 
that, before a positron and an electron 
annihilated each other, they might 
exist , for a very short time, as a quasi- 
stable system held together by the 
attraction between the positive and 
negative electrical charges. In view of 
the similarity to a normal atom, as 
will be apparent in the next chapter, 
A. E. Ruark in 1945 proposed the 
name positroniurn for the temporary 
positron-electron combination. A 
study of the system showed that actu¬ 
ally two forms of positroniurn should 
be capable of transitory existence. 
This situation arises because electrons 
and positrons (and other fundamental 
particles) have a property most simply 
described as “spin” (§4.54). In one 
form of positroniurn, called orthoposi- 
tronium, the electron and positron spin 
in the same direction, that is to say, 
their spins are parallel. In the other 
form, known as parapositronium, the 
spins of the particles would be in op¬ 
posite directions, i.e., antiparallel, i 
3.87. The difference between ortho- 
and para-positronium should be mani- 
fest in at least two ways. In the first 
place, theoretical calculations indicate 


* The simplest stable atom, that of hydrogen, consists of a combination of a proton and 
flu electron. , 1 nnH of & proton— antiprotoxi 
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that the average lifetime of the ortho¬ 
form, before positron-electron annihi¬ 
lation occurs, should be about 1.5 X 
10“ 7 sec., whereas that of the para- 
form, which has a much shorter life, 
should be only 1.3 X 10“ 10 sec. 
Further, when annihilation does take 
place, the distribution of the resulting 
1.02 Mev of energy should be different 
in the two cases. The reason for this 
behavior is associated with the fact 
that the spins of the positron and of 
the electron can be only + y 2 or ~y 2 
unit (§4.54), whereas that of the 
photon of radiation, in which form the 
annihilation energy appears, is either 
+ 1 or —1; + and — signs indicate 
npins in one particular direction or in 
the opposite direction, respectively. 

3.88. In orthopositronium, where the 
electron and positron have parallel 
npins, the resultant spin is either +1 
or — 1, but in the para-form, where 
the spins are antiparallcl, the net spin 
must be zero. A basic requirement of 
the annihilation processes (and of 
Atomic reactions, in general) is that 
npin should be conserved, i.e., the total 
ipin should remain unchanged. This 
means that parapositronium (spin 0) 
i’mi form two photons (spins +1 and 
* I), whereas orthopositronium (spin 
+ 1 or —1) must yield either one 
photon (spin +1 or -1) or three 
photons (spins +1, +1 and -1, or -1, 
“1 and +1) upon annihilation. 

3.89. When two-photon annihilation 
Odours, the photons should be expelled 
In opposite directions, in order to sat¬ 
isfy the law of conservation of mo- 
hirntum, each photon carrying half i 
Urn total available energy, 1.02 Mev. 
Thus, gamma radiation with an energy 
quantum of y 2 X 1.02 = 0.51 Mev 
should be produced. Such radiation 
can always be detected whenever 
liONitron-electron annihilation occurs, 
ilowever, this docs not prove that 


parapositronium is an intermediate 
step, for conservation of spin and 
momentum would lead to the same 
result, in any event. 

3.90. Proof of the existence of posi- 
tronium would require a determination 
of the average lifetime. For the para- 
form this is too short to measure with 
any certainty; but that of the ortho¬ 
positronium, although less than a 
millionth of a second, is within the 
scope of modern techniques for ob¬ 
serving very small time intervals. By 
using such methods, M. Deutsch, of 
the Massachusetts Institute of Tech- 
nology, was able in 1951 to determine 
the time between the formation of 
positrons, by emission from a radio¬ 
active source, and their subsequent 
annihilation. This was found to be in 
excellent agreement with the calculated 
value given above, namely, 1.5 X 10~ 7 
sec., thus providing good evidence for 
intermediate formation of orthoposi¬ 
tronium. Subsequently, confirmation 
was obtained by arranging three 
gamma-ray detectors symmetrically 
in a plane about a source of positrons. 
An event was registered only when a 
gamma-ray photon entered each of the 
three detectors simultaneously, thus 
recording the annihilation of ortho¬ 
positronium. 

3.91. In a three-photon annihilation, 
conservation of momentum does not 
require the total energy of 1.02 Mev 
to be divided equally among the pho¬ 
tons. As a result, the energy quanta 
from orthopositronium annihilation 
cover a range from very small 
amounts up to 0.51 Mev. In principle, 
orthopositronium should also be ca¬ 
pable of emitting the whole 1.02 Mev 
as a single gamma-ray quantum. 
Radiation of tills energy has been 
observed to accompany positron an¬ 
nihilation, but only to a relatively 
small extent. The reason is that, if mo- 
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men turn is to be conserved in s one* 
photon annihilation, another particle, 
preferably a heavy one, must be avail¬ 
able to take up the recoil. Because of 
the very short life of parapositronium, 
two-photon annihilation occurs more 
readily, and the resulting 0.51 -Mev 
gamma rays are the chief constituent 
of positron-electron annihilation radia¬ 
tion. 

3.92. A number of gas molecules 
which have definite, although weak, 
magnetic properties, e.g., nitric oxide, 
nitrogen dioxide and oxygen, are 
known to be capable of causing spin 
reversal. It is of interest to mention, 
therefore, that these substances, par¬ 
ticularly nitric oxide, can evidently 
bring about rapid conversion of ortho- 
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into para-positronium. As a result, the 
phenomena due to the ortho-form are 
diminished and those due to the para- 
form are enhanced. For example, in 
the presence of nitric oxide, the num¬ 
ber of events registered in a system 
which detects only the simultaneous 
production of three photons, as de¬ 
scribed above, is markedly decreased. 
Further, in nitric oxide the contribu¬ 
tion of the 0.51-Mev gamma rays to 
the annihilation radiation is raised, 
whereas that of gamma rays of other 
energies is diminished. These observa¬ 
tions lend support to the concept of 
the short-lived existence of two forms 
of positronium, distinguished by the 
difference in the direction of spin of 
| the constituent positron and electron. 


| 
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EARLY THEORIES OF ATOMIC STRUCTURE 


Thomson’s Corpuscular Atom 

4.1. During the nineteenth century 
most scientists would probably have 
regarded atoms as rigid spheres which 
were strictly indivisible, and conse¬ 
quently devoid of any internal struc¬ 
ture. Nevertheless, there were a few 
who held different views. Thus, in his 
preface to the collected writings of 
Thomas Graham, published in 1876, 
the Scottish historian of chemistry, R. 
Angus Smith, wrote: “In using the 
word atom, chemists seem to think 
that they bind themselves to a theory 
of indivisibility. This is a mistake. 
The word atom means that which is 
not divided, as easily as it may mean 
that which cannot be divided, and in¬ 
deed the former is the preferable mean¬ 
ing.” Until 1897, however, when J. J. 
Thomson made the suggestion that 
electrons, which he called “corpuscles,” 
lire a universal constituent of matter 
(§2.50), there was no information 
RVailable to provide the basis for a 
theory of atomic structure. 

4.2. The first definite ideas concern¬ 
ing the interior structure of atoms were 
put forward by J. J. Thomson in 1898.* 
He said: “I regard the atom as con¬ 
taining a large number of . . . cor¬ 


puscles [i.e., electrons] ... In the 
normal atom, this assemblage of cor¬ 
puscles forms a system which is elec¬ 
trically neutral. Though the individ¬ 
ual corpuscles behave like negative 
ions, yet when they are assembled in a 
neutral atom the negative effect is 
balanced by something which causes 
the space through which the corpuscles 
are spread to act as if it had a charge 
of positive electricity equal in amount 
to the sum of the negative charges of 
the corpuscles.” Some years later, in 
1904, he elaborated this view, thus: 
“We suppose that the atom consists 
of a number of [negative] corpuscles 
moving about in a sphere of uniform 
positive electrification . . . the cor¬ 
puscles will arrange themselves in a 
series ... of concentric shells. . . . 
The gradual change in the properties 
of the elements which takes place as 
we travel along the horizontal rows in 
. . . [the periodic] arrangement of the 
elements, is also illustrated by the 
properties possessed by these groups of 
corpuscles.” 

4.3. One of the unsatisfactory as¬ 
pects of Thomson’s theory of the struc¬ 
ture of atoms was the vague nature of 
the “sphere of uniform positive elec- 


4 Home authors state thut J. J. Thomson’s theory is similar to one proposed by Lord 
Knlvin (William Thomson) a little earlier, It appears, however, that Kelvin’s views are 
niiH'li less explicit than those of J. J, Thomson, 
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trification” in which the electrons were 
supposed to be embedded. Since the 
weight of an electron is about a two- 
thousandth part of that of a hydrogen 
atom, it would mean that a single 
atom, especially of the heavier ele¬ 
ments, would contain many thousand 
electrons. However, in 1906, from con¬ 
siderations based on the dispersion of 
light, and the scattering and absorp¬ 
tion of X-rays by gases, J. J. Thomson 
found that “the number of corpuscles 
is not greatly different from the atomic 
weight.” This would mean that the 
negative corpuscles, that is, the elec¬ 
trons, contribute only a very small 
fraction of the mass of an atom, and 
consequently “the mass of the carrier 
of unit positive charge is large com¬ 
pared with that of the carrier of unit 
negative charge.” These conclusions 
were later proved to be substantially 
correct, but it was very difficult to rec¬ 
oncile them with the supposed nature 
of the positive charge distribution. 

. 4.4. It must be admitted that scien¬ 
tists in general, and chemists in par¬ 
ticular, were not enthusiastic about 
these ideas on the nature of the atom, 
and Lord Rayleigh, in his biography 
of J. J. Thomson, indicates that Thom¬ 
son himself was not too well satisfied 
with them. Nevertheless, some of his 
suggestions, particularly the one con¬ 
cerning the relationship between the 
change in properties of the elements 
in the periodic table and the groups of 
electrons, are not fundamentally differ¬ 
ent from those now accepted. Above 
all, Thomson's theory was important 
because it called attention to the uni- 

THE NUC1 

The Scattering of 
Alpha Particles 

4.7. The modern ideas concerning 
the structure of the atom arose directly 
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versality of the electron, and indicated 
the possibility that the atom might 
consist of an arrangement of positive 
and negative electric charges. 

Other Early Theories 

4.5. Two other views on atomic 
structure which are worthy of mention 
were proposed in the early years of the 
present century. One, by the Hungar¬ 
ian, P. Lenard (1903), was based on 
his observation that swift cathode rays 
could penetrate sheets of aluminum 
and other metals (§ 2.19). It appeared, 
therefore, that a large portion of the 
atom consisted of empty space, and 
Lenard suggested that the material 
part was made up of neutral doublets, 
which he called “dynamids,” each con¬ 
sisting of a positive and a negative 
charge. 

4.6. The second theory, published in 
1904 by the Japanese physicist H. Na- 
gaoka, bears a striking similarity to 
the modern views on atomic structure. 
Its author compared the atom to the 
planet Saturn, where stability is main¬ 
tained by the attraction of the heavy 
central body for the lighter particles 
in the surrounding rings. He then said: 
“The present case [i.e., the atom] will 
evidently be approximately realized if 
we replace these satellites by negative 
electrons and the attracting centre by 
a positively charged particle.” Naga- 
oka used his picture of the atom to 
make some calculations relating to the 
spectra of the elements, but neither his 
speculations nor those of Lenard at¬ 
tracted any particular interest at the 
time. 

^AR ATOM 

from a study of the radiations emitted 
by radioactive bodies (see Chapter 
II). In 1906, Ernest Rutherford 
(§ 2.64), at that time in Canada, had 
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noticed that when alpha particles from 
a radioactive source fell on a photo¬ 
graphic plate, after penetrating a thin 
sheet of metal, the resulting trace is 
diffuse, fading off at the edges, instead 
of being sharp. This diffuseness was 
attributed to scattering of the alpha 
particles; that is to say, the particles 
were deflected from their course, pre¬ 
sumably as a result of interaction with 
the atoms of the material through 
which they had passed. 

4.8. Two years later, when Ruther¬ 
ford was in Manchester, England, he 
was experimenting with alpha particles 
in collaboration with his German as¬ 
sistant Hans Geiger, who later 
uchieved unexpected fame as the in¬ 
ventor of the Geiger tube (§6.26), 
and his attention was once again 
drawn to the scattering phenomenon. 
In the words of Geiger: “In the course 
of experiments undertaken by Profes¬ 
sor Rutherford and myself to deter¬ 
mine accurately the number of alpha 
particles expelled from 1 gramme of 
radium, our attention was directed to 
u notable scattering of alpha particles 
in passing through matter.” 

4.9. The observation that aroused 
the interest of the investigators was 
that, although the majority of alpha 
particles in passing through a thin 
sheet of metal either continued in their 
original direction of motion or were 
scattered, i.e., deflected, to a slight ex¬ 
tent, a small proportion of the parti¬ 
cles were deflected through large 
angles, some even emerging on the 
side of incidence. In a detailed study of 
the scattering of the fast-moving alpha 
particles, H. Geiger and E. Marsden 
(1909) reported that when the radia¬ 
tions emitted by the radioactive ele¬ 


ment radium C impinged on a thin 
sheet of platinum, about one particle 
in 8000 was scattered at an angle of 
90° from the direction of incidence. 
“If the high velocity [about 1.8 X 10 9 
cm. per sec.] and mass of the alpha 
particle be taken into account,” they 
said, “it seems surprising that some of 
the alpha particles . . . can be turned 
within a layer of 6 X 10 -5 cm. of gold 
through an angle of 90°, and even 
more.” * To produce the same effect 
by a magnetic deflection of the alpha 
particle would have required a field of 
enormous magnitude. In his lectures 
on the Background to Modern Science, 
given in 1936, Rutherford described 
the unexpected nature of the results 
in the following words: “It was about 
as credible as if you had fired a 15- 
inch shell at a piece of tissue paper 
and it came back and hit you.” 

Rutherford’s Nuclear Atom 

4.10. The first interpretation of the 
large-angle scattering of alpha parti¬ 
cles was that it was due to a succession 
of deflections through small angles, all 
in the same general direction. How¬ 
ever, in his classical paper of 1911, in 
which he laid the foundation of the 
modern theory of atomic structure, 
Rutherford showed that it was highly 
improbable that this was the case. In 
view of J. J. Thomson's model of the 
atom as consisting of a number of elec¬ 
trons moving in a uniform sphere of 
positive electrification, it appeared 
possible that alpha-particle scattering 
might be due to encounters with the 
electrons. But, said Rutherford, “re¬ 
membering that the mass, momentum 
and kinetic energy of the alpha parti- 


* According Io Rutherford. in whoee laboratory and at whose suggest ton the work was 
done, (linger and Mandril found llint "a small fraction of incident alpha part,ides, about 
I in 211,0(1(1, wore turned through an average angle of 90 " in passing through a thin layer of 
gold " This statement is frequently quoted, but the result does not appear m the published 
report of Udgor and Marsden. 
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cle are very large compared with the 
corresponding values for the electron 
. . . , it does not seem possible . , . 
that an alpha particle can be deflected 
through a large angle by a close ap¬ 
proach to an electron.” He therefore 
concluded that “considering the evi¬ 
dence as a whole, it seems simplest to 
suppose that the atom contains a cen¬ 
tral charge distributed through a very 
small volume.” In other words, Ruth¬ 
erford postulated that the atom does 
not consist of a uniform sphere of 
positive electrification, as supposed by 
Thomson, but that the positive charge 
is concentrated in a small region, 
which he later (1912) called the nu¬ 
cleus, at the center of the atom.* 

4.11. The scattering of alpha parti¬ 
cles through large angles can then be 
readily accounted for by the marked 
repulsion experienced by these posi- 



Fig. 4.1. Scattering of alpha particles 
which approach an atomic nucleus. 


tively charged particles when they ap¬ 
proach closely enough to the small 
positively charged nucleus of the atom. 
It will be seen shortly that, since the 
nucleus is very minute compared with 
the atom as a whole, only a minor pro¬ 
portion of the impinging alpha particles 
come close enough to suffer such strong 
repulsion. Hence, the number of these 


particles which undergo large-angle 
scattering is definite but small (Fig. 
4.1). 

4.12. It will be seen that the pro¬ 
posed picture of the atom is not essen¬ 
tially different, as Rutherford pointed 
out, from the Saturnian atom of Naga- 
oka, mentioned earlier. Nevertheless, 
Rutherford is invariably given credit 
for originating the nuclear atom y be¬ 
cause, to use Whitehead’s apt phrase 
quoted in another connection in Chap¬ 
ter I, he made the nuclear atom “effi¬ 
cient in the stream of science.” 

4.13. JBy assuming Coulomb’s law— 
that the force of repulsion between two 
similar charges is proportional to the 
product of the charges divided by the 
square of the distance between them—- 
to apply to the interaction between the 
atomic nucleus and an alpha particle, 
Rutherford derived an equation relat¬ 
ing the scattering at various angles to 
the charge on the scattering nucleus, 
the thickness of the scattering material 
and the velocity of the alpha particles. 
A very thorough test of this equation 
was made in Rutherford’s laboratory 
in Manchester, England, by Geiger 
and Marsden, upon whose earlier 
studies the theory of the nuclear atom 
had been based. Reporting, in 1913, on 
their work, with seven different scat¬ 
tering materials and with alpha parti¬ 
cles of different velocities, they said: 
“. . . the results of our investigation 
are in good agreement with the theo¬ 
retical deductions of Professor Ruther¬ 
ford, and afford strong evidence of the 
correctness of the underlying assump¬ 
tion that an atom contains a strong 
charge at the centre, of dimensions 
small compared with the diameter of 
the atom.” 


*At first Rutherford was noncommittal as to the sign of what he called the “central 
charge/ 5 since the alpha-particle scattering could be explained irrespective of whether the 
charge was positive or negative. Subsequently* he concluded that the central charge was 
positive and that, in the neutral atom, the corresponding negative charge was distributed 
about it in the form of electrons. 
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Mass and Size of the Nucleus 

4.14. The data of Geiger and Mars¬ 
den were not sufficiently precise to per¬ 
mit an accurate determination of the 
magnitude of the charge on the atomic 
nucleus—this was done a few years 
later, as will be seen below—but the 
indications were that the number Z of 
unit (electronic) positive charges car¬ 
ried by the nucleus of an atom was ap¬ 
proximately half of its atomic weight. 
Since the atom as a whole is electrically 
neutral, the positive charge on the nu¬ 
cleus must be balanced by an equal 
number Z of negative charges in the 
form of electrons. It follows, therefore, 
that the number of electrons is roughly 
half the atomic weight, and hence 
Would not greatly exceed 100 even for 
the heaviest elements. Further, since 
the mass of an electron is roughly a 
two-thousandth part of that of a hy¬ 
drogen atom, the maximum number of 
uhout 100 electrons would represent no 
more than a twentieth of the mass of a 
hydrogen atom, i.e., 0.05 on the ordi¬ 
nary atomic weight scale. It is obvious, 
therefore, that essentially the whole of 
the mass of an atom, as well as all of 
Uh positive charge, must be concen¬ 
trated in the nucleus. 

4.15. According to Rutherford’s cal¬ 
culations, the greater the angle 
through which an alpha particle has 
been deflected, the closer has it ap¬ 
proached the atomic nucleus before 
being turned back. By determining the 
imiximum scattering angle, the dis¬ 
tance of closest approach between 
the centers of an atomic nucleus and 
tth alpha particle may be calculated. 
This distance, which is found to be^of 
the order of 10~ 12 cm., represents a 
maximum value for the sum of the 
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radii of an atomic nucleus and an 
alpha particle. Since the alpha particle 
is itself the nucleus of a helium atom, 
as will be seen below (§4.30), it is 
evident that the radius of an atomic 
nucleus is somewhere between 10“ 12 
and 10 -13 cm. 

4.16. An approximate evaluation of 
the size of the target nucleus* may be 
made in the following manner. As 
shown in § 2.109, an alpha particle car¬ 
ries two (positive) unit charges, i.e., 
2e, and since the (positive) charge on 
the nucleus is Ze , where Z is approxi¬ 
mately half the atomic weight, the 
force of repulsion between the target 
nucleus and an alpha particle when 
their centers are at any distance d 
apart is given by Coulomb’s law as 
2e X Ze/d 2 , i.e., 2 Ze 2 /d 2 . The potential 
energy or work of repulsion is obtained 
by integration over all distances from 
infinity to d, and the result is found 
to be 2 Ze 2 /d) 

4.17. Suppose that an alpha particle 
of mass m, moving with a velocity v } 
and hence having a kinetic energy 
ifanv*, is approaching the atomic nu¬ 
cleus along the line joining their cen¬ 
ters. As the particle gets closer the 
potential energy of repulsion increases, 
since d is continually diminishing; 
eventually a point is reached when this 
energy (2Ze 2 /d) just balances the ki¬ 
netic energy (y 2 mv 2 ) with which the 
alpha particle is moving toward the 
nucleus. At this point the alpha parti¬ 
cle comes to rest instantaneously and 
is then turned back. The distance d 0 
of closest approach between the target 
nucleus and the alpha particle may 
consequently be derived by equating 
the repulsive potential energy 2Ze 2 /d 0 
to the kinetic energy y 2 mv 2 of the 
alpha particle; thus, 


•The term “target nucleus" will be used for the nucleus with which tho alpha particle 
ilmiclM, since the latter is itself an atomic nucleus. 
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2 Ze 2 _ mv 2 

~lk~ “ 2 ’ 

so that 


4.18. The electronic charge e is 
known to be 4.80 X 10 —10 e.s.u. 
(§2.41), and the mass of the alpha 
particle, which is virtually identical 
with that of a helium atom, is ob¬ 
tained by dividing the atomic weight 
of helium, 4.00, by the Avogadro num¬ 
ber, 6.02 X 10 23 (§ 1.60). The average 
velocity of an alpha particle is 
known to be about 1.5 X 10 9 cm. per 
sec., and if Z, the number of unit 
charges on the target nucleus, is taken 
as 20, so that the atomic weight is in 
the region of 40, it is found from equa¬ 
tion (4.1) that c?o is about 10“ 12 cm. 
The radius of the target nucleus, which 
must be less than this figure, should 
thus be of the order of 10“ 12 to 10 -13 
cm?. 

449. In addition to the approximate 
method based on the scattering of 
alpha particles, several other proce¬ 
dures, some of which will be described 
later (§§7.32, 12.57), have been used 
to determine the radii of atomic nu¬ 
clei. Since the nucleus is so small and 
it is doubtful whether it can be re¬ 
garded as a rigid sphere, it probably 
cannot be strictly considered as an 
entity of definite size. It is not sur¬ 
prising, therefore, that different meth¬ 
ods for determining what are really 
“effective” radii should give different 
results. However, a review of the 
estimates made by about ten methods 
shows that essentially all the values 
fall into two groups. Except for the 
very lightest nuclei, such as those of 
hydrogen, helium, etc., the radius R 


of an atomic nucleus can be expressed 

by 

R = Ro X A 1/s , 

where A is the mass number of the 
element, that is, the whole number 
nearest to the atomic weight (see 
§ 8.60), and R 0 is a constant which is 
found to be 1.2 X lO' 13 cm. for one 
group of measurements and 1.5 X 
10 -13 cm. for the other group. The 
reason for this difference will be con¬ 
sidered in Chapter XII, but for the 
present the former may be accepted, 
so that 

R = 1.2 X 10~ 13 A ljZ cm. 

On the basis of this relationship, the 
nuclear radius of carbon (A = 12) is 
2.8 X 10“ 13 cm. and that of uranium 
(A = 238) is 7.4 X 10“ 13 cm. The 
radius of the smallest nucleus, namely, 
that of hydrogen, which is identical 
with a proton, is difficult to define 
exactly, but it may be regarded as 
being about 1 X 10“ 13 cm.* It is seen, 
therefore, that all nuclear radii lie 
within the range from 10“ 13 to 10“ 42 
cm. This is still true even if the esti¬ 
mates are based on the larger value 
of Ro given above. 

4.20. It will be recalled that the ra¬ 
dius of an electron is about 2 X 10 -13 
cm. (§ 2.59), so that atomic nuclei, in 
spite of being many thousand times 
heavier than an electron, are not very 
different in radius. It was thought at 
one time that the nuclear mass was 
essentially electromagnetic in nature, 
being, like that of the electron, due to 
its electric charge. If this were the 
case, nuclear radii would be very much 
smaller than are actually found. Con¬ 
sequently, the mass of the nucleus is 
governed by factors other than the 


* It has benn proposed that the unit of 10~ 1B cm., which is convenient for expressing 
nuclear radii, be called 1 fermi, in honor of E. Fermi, who made several outstanding con¬ 
tributions to nuclear physics (see, for example, 5§7.50, 14.40). 
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charge. As will be seen below, it is the 
presence of protons and neutrons 
which accounts for nuclear masses; the 
neutron carries no charge and so its 
mass cannot be electromagnetic in na¬ 
ture. 

4.21. The radius of an atom is about 
10~ 8 cm. (§ 1.65), and since it consists 
of a single central nucleus, with a 
radius of the order of 10~ 12 cm. or less, 
and a relatively small number of elec¬ 
trons, each of which has a radius of 2 
X 10“ 13 cm., it is obvious that an 
atom must have a very “empty” struc¬ 
ture. For an atom with a (positive) 
nuclear charge of 20, for example, 
there are 20 (negative) electrons out- 
Hide the nucleus, since the atom as a 
whole is neutral. The total volume of 
the nucleus and the electrons in a 
ningle atom is calculated to be about 
10- 36 cc., compared with the total 
effective volume of approximately 
10 -24 cc. for the atom as a whole. To 
the extent that nuclear and electronic 
volumes have any real significance— 
because of the operation of the uncer¬ 
tainty principle—it would appear that 
the actual volume of material, i.e., of 
the nucleus and the electrons, present 
In an atom is only about 10~ 12 of the 
effective atomic volume. It is not sur¬ 
prising, therefore, that fast-moving 
particles, e.g., beta particles, alpha 
particles and neutrons, can so easily 
pass through appreciable thicknesses 
of matter. 

The Nuclear Charge 

4.22. Because of experimental diffi¬ 
culties, the accuracy of the scattering 
measurements made by Geiger and 
Marsden, referred to above, was such 
As to give the value of the nuclear 
charge with a possible error of some 20 
per cent. As already mentioned, all 
that could be said was that the num¬ 
ber of elementary positive charges on 


the nucleus was approximately half 
the atomic weight. This result was in 
general agreement with a conclusion 
previously reached by C. G. Barkla 
(1911) following upon his experiments 
on the scattering of X-rays. According 
to a theoretical treatment by J. J. 
Thomson (1906), the extent of the 
scattering is determined by the num¬ 
ber of electrons in the atom, and 
Barkla found this number to be 
roughly half the atomic weight for 
several light elements. The number of 
electrons in an atom should, of course, 
be equal to the number of unit posi¬ 
tive charges on the nucleus. 

4.23. Early in 1913, the Dutch 
physicist A. van den Broek, in a paper 
on Radioelements, the Periodic Sys¬ 
tem and the Constitution of the Atom, 
made the suggestion that the number 
of positive charges on the nucleus of 
any given atom is equal to the ordinal 
number of the particular element in 
the periodic system, now referred to 
as the atomic number (§1.44). The 
same idea must have been in the minds 
of K. Fajans in Germany and of F. 
Soddy in Great Britain (§8.4), but 
van den Broek is accorded priority for 
the first publication of the view that 
has become universally adopted. It 
may be noted that for the lighter ele¬ 
ments, up to molybdenum, at least, the 
atomic number is within about 10 per 
cent of half the atomic weight. The 
approximate estimates of the nuclear 
charge and of the number of electrons, 
made by Geiger and Marsden from 
alpha particle scattering and by 
Barkla from X-ray scattering, respec¬ 
tively, thus agreed fairly well with the 
suggestion that they should be equal 
to the atomic number of the element. 

4.24. The next important step in 
connection with the determination of 
the magnitude of the nuclear charge 
was taken in 1913 in Rutherford's 
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Manchester laboratory, by the young 
English physicist, H. G.-J. Moseley, 
who was killed two years later in the 
battle of Gallipoli. Utilizing the then 
recent discovery that a crystal could 
act as a diffraction grating, and hence 
could be used to compare the wave 
lengths of X-rays (§2.97), Moseley 
made a study of the characteristic 
X-rays (§2.92) of a number of ele¬ 
ments. A photographic method was 
used, so that the positions of the lines 
on the plate were directly related to 
the wave lengths of the particular 
X-rays. The results obtained for a 
series of consecutive elements in the 



Fig. 4.2. Moseley's photograph of char¬ 
acteristic X-rays of consecutive elements. 


periodic system, from calcium to zinc 
—with the exception of scandium, 
which follows titanium—are shown in 
the historic photograph in Fig. 4.2. It 
is apparent that the wave lengths of 


Chap. IV 

the characteristic X-rays change in a 
regular manner with increasing atomic 
number of the element. 

4.25. From the positions of the lines, 
Moseley determined the frequencies 
(§ 3.13) of the corresponding radia¬ 
tions, and then calculated a quantity, 
to which he gave the symbol Q, that 
was related to the square root of the 
frequency of the characteristic X-rays 
for each element. Upon examining the 
results he remarked: “It is at once evi¬ 
dent that Q increases by a constant 
amount as we pass from one element 
to the next, using the chemical order 
of the elements in the periodic system 
. . . we have here a proof that there 
is in the atom a fundamental quantity, 
which increases by regular steps as we 
pass from one element to the next. 
This quantity can only be the charge 
on the atomic nucleus." 

4.26. After referring to the conclu¬ 
sions drawn from alpha particle and 
X-ray scattering, that the number of 
unit charges on the nucleus of any 
atom is approximately half its atomic 
weight, Moseley went on to say: “Now 
atomic weights increase on the average 
by about two units at a time, and this 
strongly suggests the view that the 
. . [number of charges] increases 
from atom to atom by a single elec¬ 
tronic unit. We are therefore led by 
experiment to the view that . . . [the 
number of charges] is the same as 
the number of the place occupied by 
the element in the periodic system. 
This atomic number* is then for hy¬ 
drogen 1, for helium 2, for lithium 3, 
... for calcium 20, . . . for zinc 30, 
etc." 

4.27. The work described above was 


* This is the first mention of the term atomic number* for the ordinal number of an 
which menu* "ordinal number, 
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interrupted by World War I, but after 
the war, James Chadwick (see 
§ 2.116), in Rutherford’s laboratory at 
Cambridge, England, set out to make 
an accurate study of the scattering of 
alpha particles with a view to calculat¬ 
ing the number of unit charges carried 
by an atomic nucleus. From his meas¬ 
urements, reported in 1920, he esti¬ 
mated the nuclear charges of copper, 
silver and platinum to be 29.3, 46.3 
and 77.4 units, respectively, with an 
accuracy of between 1 and 2 per cent. 
'These figures are in excellent agree¬ 
ment with the respective atomic num¬ 
bers of 29, 47, and 78. Similar accord 
was obtained by P. Auger and F. Per¬ 
rin (1922) in France for argon, by E. 
S. Bieler (1924) in England for alumi¬ 
num and magnesium, and by Ruther¬ 
ford and Chadwick (1925) for gold. 

4.28. As a result of these observa¬ 
tions, and of many others, it is now 
unquestioned that the number of unit 
positive charges carried by the nucleus 
of any atom is equal to the atomic 
number of the particular element.* 
The number of electrons surrounding 
(lie nucleus and maintaining electrical 
neutrality of the atom as a whole, fre- 
fliicntly referred to as the extranuclear 
electrons or orbital electrons , must 
consequently also be equal to the 
atomic number. For this reason the 
symbol Z is used to represent both the 
nlomic number, or the nuclear charge, 
mid the number of the orbital electrons 
MHHociated with the atom of a given 
clement. 

4.29. It follows, as a consequence of 
(be foregoing arguments, that in the 
hydrogen atom the nucleus carries a 
mingle positive charge and there is one 
e.s I mnuclear electron. The helium 
Slum has a nucleus with two positive 
charges and there are two external 

* It is even becoming (lir prnHin' In ilrfi. 
MMiiibiir ol unit, |m>h iI ivr clutrKcH cfii i ird by || 


electrons. The nucleus of the lithium 
atom carries three positive charges 
and there are three surrounding elec¬ 
trons, and so on throughout the pe¬ 
riodic system. The heaviest naturally 
occurring element, uranium, has an 
atomic number of 92; thus, its nucleus 
has 92 positive charges and there are 
the same number of extranuclear elec¬ 
trons. 

4.30. As was seen in § 2.64, Ruther¬ 
ford concluded the proton was identi¬ 
cal with a hydrogen atom that carried 
a single positive charge. Hence, it 
would be equivalent to such an atom 
which has lost one unit of a negative 
charge, i.e., one electron. As the hydro¬ 
gen atom contains but a single elec¬ 
tron, it is evident that the proton is 
identical with a hydrogen nucleus. 
Similarly it will be readily apparent 
that an alpha particle is actually a 
helium nucleus, that is, a helium atom 
minus its two electrons, so that it car¬ 
ries two positive charges. 

4.31. It may be remarked that in 
the process of ionization, whereby an 
atom or a group of atoms acquires an 
electric charge and hence becomes a 
carrier of electricity, the orbital elec¬ 
trons are involved. If by some means, 
such as an electrical discharge or by 
the action of'alpha or beta particles, 
one or more electrons are removed 
from an atom, or a molecule, the result 
is a positive ion. Thus a proton is a 
singly charged, positive hydrogen ion, 
while an alpha particle is a doubly 
charged, positive helium ion. On the 
other hand, when an atom or molecule 
acquires in some manner one or more 
additional electrons, which have been 
ejected from other atoms or molecules, 
a negative ion is formed. As a general 
rule, an ion-pair consisting of a posi¬ 
tive and a negative ion or, more com- 

i tlir ntoinic number of mi elernenl, dm the 
r mii'IciiN. 
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monly, of a positive ion and an elec¬ 
tron, is produced in every ionization 
act in a gas.* 

The Structure op the Nucleus 

4.32. The problem of the structure 
of the atom thus divides itself into two 
virtually distinct parts: first, a con¬ 
sideration of the small, central nucleus 
which carries the positive charge and 
essentially the whole mass of the atom, 
and second, the arrangement of the 
extranuclear or orbital electrons with¬ 
in the considerably larger space avail¬ 
able to them. The former aspect will 
be dealt with somewhat briefly here, 
but it will be taken up again later 
(§ 4.83) when further information has 
been presented. 

4.33. Since the lightest positively 
charged particle known before 1932 
was the proton,f it was naturally as¬ 
sumed that atomic nuclei were built up 
of a system of closely packed protons. 
The mass of the proton is approxi¬ 
mately unity on the ordinary atomic 
weight scale and it carries a single 
positive charge. In order to account 
for the mass of a nucleus of atomic 
weight A f it was therefore necessary to 
suppose that it contained A protons. 
However, if this were the case, the 
number of unit positive charges on the 
nucleus would be the same as the 
atomic weight, whereas it has been 
shown to be equal to the atomic num¬ 
ber Z, which is half, or less, of the 
atomic weight. It was suggested, there¬ 
fore, that, in addition to protons, 
atomic nuclei contained A — Z (nega¬ 
tive) electrons; these would contribute 
a negligible amount to the total mass, 

* The expression “ion-pair” should not be 
scribed in § 2.71.' 
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but would make the net positive 
charge, i.e., A — (A — Z) = Z, equal 
to the atomic number, although the 
total number of protons (A) would be 
the same as the atomic weight. 

4.34. The view that electrons, as 
well as protons, were present in atomic 
nuclei appeared to receive support 
from the fact that beta particles, i.e., 
electrons, are emitted by certain radio¬ 
active elements, presumably from the 
nuclei of their atoms. Nevertheless, 
the stability of a closely packed sys¬ 
tem of protons and electrons was diffi¬ 
cult to explain, and various other pos¬ 
sibilities were considered from time to 
time. Among these was the suggestion, 
made independently, and almost si¬ 
multaneously in 1920, by three scien¬ 
tists in different parts of the world, as 
mentioned in § 2.115, that a neutral 
combination of a proton and an elec¬ 
tron, called a neutron , might exist as a 
constituent of atomic nuclei. 

4.35. After the discovery of the neu¬ 
tron in 1932, W. Heisenberg (see 
§ 3.46) immediately came forward 
with the idea that the nucleus contains 
only protons and neutrons; he showed, 
by means of wave mechanics, that the 
attractive forces existing between 
these elementary particles would be 
sufficient to account for the existence 
of stable nuclei. The theory was 
modified and improved in 1933 by 
the Italian physicist E. Majorana, 
and this has formed the basis of mod¬ 
ern views on nuclear structure. Be¬ 
cause they are the essential constit¬ 
uents of atomic nuclei, neutrons and 
protons are often referred to by the 
general name of nucleon.% 


confused with “positron-electron” pair, de- 

I The discovery of the positron (§ 2.67) has not changed the situation; this particle is not 
a constituent of atomic nuclei, although it is emitted by certain unstable (radioactive) 
nuclei, as explained in § 10.82. 

t The term “nuHon” wag originally proposed by F. J. Belinfanlct in Holland in 1939, but 
r . to “nucleon,” for etymological reasons, and used by the Danish physicist 
C. M0ller m 1941. The use of the word "nuHecmirV’ to describe the general field of nuclear 
science ami technology, wan proposed by Z, JHTrioa iu July 1941. 


The Structure 

4.36. The mass of a neutron, like 
that of a proton, is close to unity on 
the atomic weight scale. Hence, an 
atomic nucleus, of atomic weight A 
and atomic number Z, contains A nu¬ 
cleons, consisting of Z protons and 
A — Z neutrons. Since fractions of 
neutrons and protons do not exist, the 
number A is here not really the atomic 
weight but a whole number near to 
the atomic weight. This integer, equal 
to the number of nucleons (neutrons 
and protons) in the nucleus, is called 
the mass number; it will be defined 
more precisely in § 8.60. Some pictorial 
representations of the structures of a 
few of the simpler atomic nuclei are 
shown in Fig. 4.3. In ordinary hydro¬ 
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238 and its atomic number is 92, so 
that the nucleus consists of 92 protons 
and 146 neutrons. It will be seen in 
Chapter XII that these facts are im¬ 
portant in trying to understand the 
factors which contribute to the stabil¬ 
ity of atomic nuclei. 

4.38. There is one further point to 
be considered. If nuclei consist essen¬ 
tially of neutrons and protons, both of 
which have masses of almost unity, 
then the atomic weights of all ele¬ 
ments should be very close to whole 
numbers. As stated in § 1.39, in con¬ 
nection with Prout’s hypothesis, a 
surprisingly large proportion of the 
elements do in fact have atomic 
weights which differ from integral val¬ 



Fig. 4.3. Pictorial representation of neutrons (n) and protons ( + ) in 
simple atomic nuclei. 


gen, mass number A = 1, and atomic 
number Z = 1, the nucleus consists of 
ft single proton, as stated above; in 
helium, A — 4 and Z = 2, the nucleus 
contains two protons and two neu¬ 
trons; the nucleus of the carbon atom 
{A = 12, Z = 6) is made up of six 
protons and six neutrons, and so 
on. 

4.37. For elements of low atomic 
weight, the atomic number Z is ap¬ 
proximately half the mass number A; 
fttomic nuclei of such elements thus 
Contain almost equal numbers of neu¬ 
trons and protons. With increasing 
fttomic weight, the atomic number Z 
becomes less than half of A\ hence 
A — Z is greater than Z, and the num¬ 
ber of neutrons in a stable nucleus ex¬ 
ceeds the number of protons. The mass 
number of uranium, for example, is 


ues by no more than 0.1. The apparent 
exceptions are due to the fact that 
many elements actually consist of mix¬ 
tures of atoms of different atomic 
weights, so that the average is not a 
whole number. Chlorine, for example, 
contains atoms with atomic weights 
close to 35 and 37, and they are pres¬ 
ent in such proportions as to give an 
average value of 35.46. This matter 
will be understood more clearly when 
the concept of “isotopes” has been dis¬ 
cussed in Chapter VIII. In the mean¬ 
time, it may be mentioned that if the 
protyle, which Prout thought to be 
hydrogen, were extended so as to in¬ 
clude both protons and neutrons, the 
hypothesis, which he put forward on 
so little evidence over a hundred years 
ago, would be accepted at the present 
day. 










102 


Sourcebook on Atomic Energy Chap . IV 


Stability of the 
Alpha Particle 

4.39. Since alpha particles, i.e., he¬ 
lium nuclei of mass 4.00, are ejected 
from the nuclei of several radioactive 
elements, and since the nuclei of ele¬ 
ments whose atomic weights are multi¬ 
ples of four are known to be exception¬ 
ally stable (§12.44), it was thought 
possible that alpha particles might be 
secondary units of nuclear structure. 
Helium has an atomic weight very 
close to 4 and an atomic number of 2, 
and so its nucleus would consist of two 
protons and two neutrons, as seen 
above. Such a combination would be 
expected to have great stability. One 
way of seeing that this must be so, is 
to 'examine the weights of the alpha 
particle and of its constituent nu¬ 
cleons. The mass of a proton is 1.00759 
and that of a neutron is 1.00898,* so 
that the total mass of the constituents 
of an alpha particle would be as fol¬ 
lows: 


Mass of two protons 
= 2 X 1.00759 

Mass of two neutrons 
= 2 X 1.00898 


4.0331, 


4.40. The actual mass of an alpha 
particle, i.e., a helium nucleus, ob¬ 
tained by subtracting the mass of two 
electrons from that of the helium 
atom, is 4.0028. There is consequently 
a decrease of mass, and hence a libera¬ 
tion of energy (§ 3.76), in the forma¬ 
tion of an alpha particle from its con¬ 
stituent nucleons. The loss of mass is 


4.0331 — 4.0028, i.e., 0.0303 atomic 
mass units, and by equation (3.17), 
based on the Einstein mass-energy re¬ 
lationship, this is equivalent to 28.2 
Mev. Hence, in the formation of a 
single alpha particle from two protons 
and two neutrons, the considerable 
amount of 28.2 Mev of energy, referred 
to as the binding energy , will be re¬ 
leased. Conversely, if it were required 
to break up an alpha particle into its 
constituent nucleons, this same large 
quantity of energy would have to be 
supplied. This means that the alpha 
particle is extremely stable, as implied 
above. 

4.41. Although the combination of 
two protons and two neutrons has ex¬ 
ceptional stability, it is believed at the 
present time that the alpha particle is 
not generally found in atomic nuclei. 
According to a theory developed by W. 
Elsasser in 1934, alpha particles could 
only exist in the nuclei of other atoms 
if the radius of the alpha particle were 
small compared with the distance be¬ 
tween the particles in the nucleus. Ac¬ 
tually, these distances would be much 
the same, so that the condition for the 
presence of alpha particles as second¬ 
ary units of nuclear structure is not 
satisfied. When, as is the case with 
some radioactive elements, the circum¬ 
stances are such that the binding en¬ 
ergy of the alpha particle, as calculated 
above, exceeds the amount of energy 
required to remove two protons and 
two neutrons individually from the 
nucleus, an alpha particle can be 
ejected, although it may not be pres¬ 
ent as such in the nucleus. 


* These values are based on the 
§ 8 . 61 . 


physical atomic weight scale which Will be 


explained in 
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THE EXTRANUCLEAR 
Atomic Spectra 

4.42. A great deal of information 
concerning the arrangement of the 
electrons surrounding atomic nuclei 
has been obtained from the study of 
atomic spectra. When a substance is 
heated sufficiently strongly in a flame 
or by means of an electric arc or spark, 
or, if it is gaseous, an electrical dis¬ 
charge is passed through it, radiation, 
mainly in the visible and ultraviolet 
range, is often emitted. If the rays are 
examined in a spectroscope, which is 
an instrument for splitting up complex 
radiation into its components of differ¬ 
ent wave length, a definite pattern of 
lines, known as a spectrum , appears. 
This spectrum is characteristic of the 
element or elements present in the ma¬ 
terial emitting the radiations; it is usu¬ 
ally called an atomic spectrum, since it 
originates in the atom of the element. 
The lighter atoms, such as hydrogen 
and helium, yield fairly simple spectra, 
with a relatively small number of lines, 
but for some of the heavier atoms the 
Kpcctra may consist of hundreds of 
lines. As a result of much painstaking 
Work, the wave lengths of the spectral 
lines of most elements are now known 
with considerable accuracy, and vari¬ 
ous numerical relationships have been 
discovered to exist among them. These 
have proved of great value in the con- 
utruction of a theory of atomic spectra, 
which is closely related to the problem 
of the extranuclear electrons. 

4.43. According to Maxwell's elec¬ 
tromagnetic theory of light (§3.23), 
the omission of radiation, such as the 
olmrncteristio spectrum of an element, 
U duo to an oscillating electrical sys¬ 
tem. Concurrently with the growth of 
the concept of the electron as the unit 
of charge, there was the parallel devel- 


(ORBITAL) ELECTRONS 

opment of the idea that these spectra 
were related to a vibrating electronic 
charge within the atom. Suggestions 
of this kind were made in the early 
1890s by several scientists, including 
G. J. Stoney, G. F. Fitzgerald, H. 
Ebert, and, in particular, J. Larmor 
(1894) and H. A. Lorentz (1895) who 
treated the mathematical aspects of 
the problem in some detail. Even be¬ 
fore the publication of J. J. Thomson's 
work which established the existence 
of the electron as a definite entity, the 
Lorentz theory was used to explain the 
effect of a magnetic field in splitting 
spectral lines as observed by P. Zeeman 
(1896). This, somewhat fortuitously, 
led to a value of the specific charge of 
the electron, as stated in § 2.55, in 
agreement with that derived by more 
direct methods. 

4.44. When Nagaoka proposed his 
Saturnian atom (§4.6), he suggested 
that atomic spectra might be due to 
“the oscillatory motion of electrons re¬ 
volving in circular orbits,” but this 
view was untenable, as will be seen 
from the following arguments. To ac¬ 
count for the fact that electrons did 
not fall into the positively charged nu¬ 
cleus as a result of electrical attraction, 
Rutherford found it necessary to postu¬ 
late a rapid rotation of the electrons 
around the nucleus, somewhat similar 
to the rotation of planets around the 
sun. The inward attractive force was 
supposed to be balanced by the out¬ 
ward centrifugal force. However, the 
analogy between an atom and the sun's 
planetary system is fallacious, because 
the particles in the atom are electri¬ 
cally charged. By the electromagnetic 
theory, the rotating electron should 
continuously emit energy as radiation 
during its motion, but if this were the 
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case the radius of curvature of its orbit 
would steadily diminish. The electron 
would thus follow a spiral path and 
eventually fall into the nucleus. Fur¬ 
ther, if the spectrum were related to 
the 5 energy radiated by the moving 
electron, this energy would be chang¬ 
ing with the radius of curvature of the 
path. Atomic spectra would thus cover 
a continuous range of wave lengths in¬ 
stead of consisting of well defined 
lines. 


Bohr’s Theory of 
Stationary States 

4.45. In order to overcome these 
difficulties, the Danish physicist, Niels 
Bohr, then working in Rutherford’s 
Manchester laboratory, made in 1913 
the surprising suggestion that, con¬ 
trary to the requirements of classical 
electromagnetic theory, an electron 
does not radiate energy while it is 
moving in a closed orbit. Such an orbit 
woi^ld consequently be stable, and it 
would represent what Bohr called a 
stationary state of the atom. It was 
postulated that several stationary 
states were possible, the energy being 
constant in each state, but differing 
from one state to another. The pro¬ 
duction of a spectral line of definite 
frequency was then attributed to the 
radiation of energy associated with the 
transition or “jump” of an electron 
from a state of higher energy to one of 
lower energy, the frequency (or wave 
length) being related to the energy 
change by means of the quantum the¬ 
ory equation. 

4.46. If E 2 is the energy of the atom 
in a state of higher energy (initial 
state) and ExAs the value in the state 
of lower energy (final state), then an 
electronic transition from the former 
to the latter state will be accompanied 
by the emission of energy E 2 — Ei- By 
Planck's quantum theory equation 


(3.2) , it follows that the frequency v 
and wave length X of the correspond¬ 
ing spectral line are given by 

Ei — E\ 

V “ h 

and 

_ c _ he 

v Ei — Ex 

where h is Planck’s constant and c is 
the velocity of light. Each particular 
energy transition, from one state to an¬ 
other, should thus result in the forma¬ 
tion of a spectral line whose frequency, 
or wave length, is given by equation 

(4.2) , or (4.3). Since several different 
stationary states are possible in every 
atom, there should be a number of 
transitions and hence a series of lines 
should be observed in the spectrum. 
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Fig. 4.4. Transitions of electrons from 
higher to lower energy states giving spec¬ 
tral lines. 

4.47. If a substance is exposed to 
conditions under which the absorption 
of energy is possible, e.g., by the use of 
high temperature or a suitable electri¬ 
cal discharge, the electrons, which are 
normally in their lowest energy state, 
or ground state , are presumed to take 
up energy and to pass into states of 
higher energy. These are known as 
excited states of the atom. The spon¬ 
taneous return of the electrons from 
the higher to the lower states should 
result in the liberation of specific 


(4.2) 

(4.3) 
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amounts of energy, each such tran¬ 
sition giving a line of definite fre¬ 
quency (or wave length) in the 
spectrum (Fig. 4.4). Since many dif¬ 
ferent energy states are possible in 
every atom, numerous lines may be ob¬ 
served. It might be imagined that the 
spectra of atoms of high atomic num¬ 
ber, which have a large number of elec¬ 
trons, would give extremely complex 
spectra. This is not altogether true, 
for it has been established that only a 
few—usually one, two or three—of the 
outermost electrons are concerned in 
the formation of ordinary, or optical, 
spectra. However, even this small 
number is sufficient to introduce many 
complications. 

4.48. The energy differences of suc¬ 
cessive electronic states involved in the 
formation of optical spectra can be de¬ 
termined directly in some instances, 
and the values have been found to be 
of the order of 1 to 10 electron volts 
(§ 3.33). The frequency or wave length 
of the corresponding radiation can be 
calculated by means of the quantum 
theory equations (4.2) or (4.3), respec¬ 
tively. Utilizing the known values of 
h (6.62 X 10 -27 erg sec.) and c (3.00 X 
10 10 cm. per sec.) and recalling that 
I cv is equivalent to 1.60 X 10 -12 erg 
($ 3.33), it is readily found from these 
e<|nations that 


v (per sec.) 

and 


X (cm.) 


E\ — E 2 (ev) 
4.13 X 10-fST 

1.24 X 10- 4 
Ex — Ei (ev) 


(4.4) 

(4.5) 


Suppose, for example, the difference 
of energy between two electronic states 
Involved in a particular transition is 2 
ev; it follows immediately from equa¬ 
tion (4.5) that the wave length of the 
emitted radiation should be 0.62 X 
10 * cm., or 6200 A. This would rep¬ 


resent a line in the visible region of 
the spectrum (§3.16). A larger value 
of the energy difference would mean a 
shorter wave length, so that the 
spectral line might appear in the ultra¬ 
violet region. 

4.49. According to the accepted 
ideas of the time, Bohr’s approach was 
somewhat contradictory, for he had to 
make two assumptions: first, to use his 
own words, that “the dynamical equi¬ 
librium of the systems in the stationary 
states can be discussed by help of the 
ordinary mechanics . . . [and second, 
that] . . . the passing of the systems 
between different stationary states 
... is followed by the emission of a 
homogeneous radiation, for which the 
relation between the frequency and the 
amount of energy emitted is the one 
given by Planck’s theory. . . . The 
second assumption is in obvious con¬ 
trast to the ordinary ideas of electro¬ 
dynamics, but appears to be necessary 
in order to account for the experimen¬ 
tal facts.” Bohr’s justification was 
consequently that atomic spectra could 
not be correlated with the nuclear 
atom in any other way. 

4.50. By assuming further that the 
electrons moved in circular orbits and 
that the angular momentum mvr — 
where m is the mass of the electron, and 
v is its velocity in the orbit of radius 
r —is quantized , that is to say, it is re¬ 
stricted to certain values which are in¬ 
tegral multiples, e.g., 1, 2, 3, . . . , n, 
of a definite quantum, Bohr was able 
to evaluate the energies for the possible 
stationary states of the hydrogen atom. 
Upon inserting these results in equa¬ 
tion (4.2) or (4.3), the frequencies or 
wave lengths of the lines in the hy¬ 
drogen spectrum were determined and 
found to be in remarkable agreement 
with the experimental values. This 
agreement represented a great triumph 
for Bnlir’s theory, in spite of its founda- 
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tion upon postulates which appeared 
to conflict with each other. 

Quantum Numbers 

4.51. The energy values calculated 
for the various possible stationary 
states were found to be dependent on 
the integral multiples of the momen¬ 
tum referred to above; hence, each 
postulated energy state could be asso¬ 
ciated with a principal quantum num¬ 
ber (n). Further, each state corre¬ 
sponded to a definite circular orbit, the 
radius of which was also determined 
by the quantum number; thus, for any 
orbit of quantum number n, Bohr 
showed the radius r n of a hydrogen 
atom to be given by 

r n = 0.53 X 10- 8 X n 2 cm. (4.6) 

In view of subsequent developments in 
wave mechanics (§ 4.56), it has become 
doubtful if these orbital radii have any 
re^l significance. The value of r for the 
innermost orbit, with n — 1 , is seen to 
be 0.53 X 10~ 8 cm., which is very close 
to the accepted value for the normal 
radius of the hydrogen atom. In the 
higher energy states, i.e., for n = 2, 3, 
etc., the apparent orbital radii are seen 
to increase rapidly; thus, 2.12 A for 
n — 2, 4.77 A for n = 3, and so on. 

4.52. In Bohr's original theory, the 
electron orbits had to be circular, but a 
later modification in 1916, due mainly 
to A. Sommerfeld in Germany, showed 
that by introducing a subsidiary quan¬ 
tum number, often called the orbital 
quantum number , elliptical as well as 
circular orbits became possible. This 
number is related to the angular 
momentum of the electron due to its 
motion around the nucleus. For each 
particular value of the principal quan¬ 
tum number n, only certain values of 
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the orbital quantum number l were 
permitted; these varied, by steps of 
unity, from zero to n — 1/ Thus if n 
was 4, then l could be 0, 1, 2 or 3, but 
nothing else. The orbit with n = 4 
and l = 3 was supposed to be circular, 
but the others were ellipses of increas¬ 
ing eccentricity as the value of l de¬ 
creased. With the increased number of 
energy states permitted by the addi¬ 
tional quantum numbers, it was found 
possible to account for the detailed 
structure of the lines of the hydrogen 
spectrum, and also for many of the 
characteristic features in the spectra 
of other atoms. 

4.53. Subsequently, a magnetic 
quantum number m was introduced 
with permitted integral values, in¬ 
cluding zero, ranging from l to —l, 
that is, 3, 2, 1, 0, —1, —2, —3 for l = 
3, to account for the behavior of 
spectra in magnetic fields. The dif¬ 
ferent values of m were supposed to 
represent different orientations in 
space of the possible circular or ellip¬ 
tical orbits. 

4.54. Finally, a fourth quantum 
number, the spin quantum number t 
had to he postulated to account for the 
previously unexplained close grouping 
of two, three or more spectral lines. 
Apparently every electron possesses a 
property which, in mechanistic terms, 
can best be described as spin. Since 
only two directions of spin are pos¬ 
sible, the spin quantum number can 
have two values, and two values only, 
for every combination of the other 
three quantum numbers. These will be 
indicated by the symbols + and —, to 
imply opposite directions of spin. It is 
a curious fact that, although the quan¬ 
tum numbers l , m and n can have vari¬ 
ous integral values, depending on cir- 


* In Sommerfeld’s original treatment this subsidiary quantum number was represented by 
k, and its possible values ranged from 1 to n. These have been changed in the text so as to 
conform with later developments based on wave mechanics. 
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cumstances, the spin quantum number 
is always %, that is to say, it can be 
either +y 2 or For simplicity, the 
numerical value will be omitted in 
the subsequent discussion and only the 
sign will be indicated. 

4.55. If the principal quantum num¬ 
ber n is 4, there can be four values of 

and a total of sixteen m values, each 
of which can be associated with positive 
or negative spin. There are thus 32 
possible states, each with a slightly dif¬ 
ferent energy, within the same (fourth) 
electronic level. Similarly there are 18 
possible states in the third (n = 3) 
level, and eight in the second (n = 2) 
level. If transitions could occur be¬ 
tween all these levels, the number of 
spectral lines would be enormous. Ac¬ 
tually, certain transitions are “al¬ 
lowed," while others are said to be 
“forbidden," meaning that the prob¬ 
ability of their occurrence is large or 
vanishingly small, respectively. The 
restrictions thus introduced, by certain 
well defined selection rules , as they are 
called, serve to limit, to a considerable 
extent, the number of lines in the spec¬ 
trum of any given element. 

Wave Mechanics and 
Electron Orbits 

4.56. Before proceeding to examine 
Hie consequences of the four quantum 
numbers described above, it is neces¬ 
sary to sound a note of caution. In the 
Bohr theory, and in its subsequent 
modifications, it was assumed that 
both the position, in a definite orbit, 
And the momentum of the electron are 
known. But according to the uncer¬ 
tainty principle (§ 3.46), this is impos¬ 
sible. If the momentum of the elec- 
Irmi, and consequently its energy, is 
known exactly, then there must he an 
mvrertainty with regard to the posi¬ 
tion of the orbit, and ihe extent of this 
llidefinitenesa in appreciable in corn- 
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parison with the size of an atom. For 
this reason, it was stated above that 
the calculated radii of the electron 
orbits of the hydrogen atom are of 
doubtful significance. 

4.57. By using the methods of wave 
mechanics which, as seen in §3.50, 

I should always be employed when deal¬ 
ing with particles of atomic, or smaller, 
dimensions, many of the apparent in¬ 
consistencies of the Bohr treatment 
have been removed. There is no longer 
any necessity to combine classical 
electrodynamics with quantum me¬ 
chanics, and there is no need to make 
assumptions which were introduced in 
the original theory chiefly because they 
led to correct results. The same equa¬ 
tions have now been developed in a 
much more consistent manner, and the 
quantum numbers n, l and m, instead 
of being somewhat arbitrary, emerge 
as a natural consequence. Further, the 
selection rules, which define the per¬ 
mitted and forbidden electronic transi¬ 
tions, mentioned above, are readily 
derived. It is true that Bohr had de¬ 
duced similar rules in a very ingenious 
manner, but the arguments were less 
satisfactory than those based on wave- 
mechanical considerations. 

4.58. However, the gain of mathe¬ 
matical consistency has been accom¬ 
panied by a corresponding loss in terms 
of physical reality. The stationary 
electronic states of the atom are now 
referred to as its electronic energy 
levels , and the transition from one 
level to another is accompanied by 
emission of a spectral line whose fre¬ 
quency is still given by equation (4.2). 
But whereas in the older theory such a 
transition could be pictured as a jump 
of an electron from one orbit to an¬ 
other, this is no longer possible. For 
one thing, it is not permitted to think 
of an electron orbit as a specific path 
in which an electron moves round the 
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nucleus. The definite orbit has been 
replaced by a mathematical function, 
sometimes referred to as an orbital, 
which represents the distribution of 
the electron in the space occupied by 
the atom. Some writers think of the 
electron as spread out into a cloud of 
electricity rather than as a particle, 
the orbital giving the density of the 
cloud at any location within the atom. 
The alternative point of view, as ex¬ 
plained in Chapter III, is to regard 
the electron essentially as a particle, 
and to interpret the orbital as deter¬ 
mining the statistical probability of 
finding the electron in any given po¬ 
sition about the nucleus. 

4.59. Although the latter inter¬ 
pretation will be adopted here, it is 
apparent that in neither case is there 
anything approaching a finite electron 
orbit. It may be noted that when the 
quantum numbers n and l are such 
that the state is equivalent to a cir¬ 
cular orbit of the Bohr-Sommerfeld 
theory, the probability of finding the 
electron at any point is greatest at the 
distance represented by the corre¬ 
sponding Bohr radius. However, 
whereas the older theory requires the 
electron to remain at this distance, 
while in that particular energy state, 
wave mechanics implies that there is 
a definite, but smaller, probability 
that it will be found at points both 
nearer and farther from the nucleus. 
When the quantum numbers corre¬ 
spond to elliptical orbits, the correla¬ 
tion between the older and newer 
theories is less obvious. 

4.60. The purpose of the foregoing 
remarks has been not so much to ex¬ 
plain the physical significance of an 
electron orbit as to emphasize, the 
difficulty of providing such an ex¬ 
planation. It is still the practice in 
many elementary books to picture an 
atom as consisting of a central nucleus 
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with a number of electrons moving 
around it in definite orbits, oriented in 
various directions in space. If the un¬ 
certainty principle and wave mechan¬ 
ics have any meaning, and it seems 
reasonably sure that they have, then 
such pictures are misleading. They 
attempt to give reality to a state of 
affairs within the atom to which, at 
least at present, no reality can be 
given. Perhaps if these atomic dia¬ 
grams were to be regarded as purely 
symbolic their use might be justified; 
nevertheless, there is always the 
danger that they may be interpreted 
too literally. 

4.61. It is true that physicists, while 
realizing its limitations, still frequently 
employ the Bohr-Sommerfeld atom 
model, because the calculations are 
simpler than those based on wave me¬ 
chanics. The spectroscopist G. Herz- 
berg has stated: “The fact that even in 
wave mechanics each stationary state 
of the atom has a perfectly definite 
angular momentum shows that the 
atom can still be regarded as consist¬ 
ing of electrons rotating about a 
nucleus, as in the original Bohr 
theory,” but he is careful to emphasize 
that “we must not, however, speak of 
definite orbits.” 

The Pauli Exclusion Principle 

4.62. Both wave-mechanical theory 
and the experimental facts of atomic 
spectra require the three quantum 
numbers, designated above by the let¬ 
ters n, l and m, to describe each 
energy level of an atom. In addition, 
the facts indicate the necessity of the 
spin quantum number s, which also 
finds a logical place in wave mechanics. 
It may be regarded as established, 
therefore, that, as far as is known at 
present, electronic energy levels, which 
are those concerned in atomic spectra, 

| can be fully described by means of 


The Structure 

appropriate values of the four quan¬ 
tum numbers n, l, m and s. Those 
permitted by wave mechanics are the 
same as were derived from the older 
theory as given in § 4.51 et seq ., al¬ 
though they do not necessarily have 
the same physical significance. 

4.63. So far nothing has been said 
about the distribution of the extranu- 
clear (orbital) electrons among the 
permitted quantum states or about its 
physical equivalent, that is, the ar¬ 
rangement of the electrons in space. 
The higher the principal quantum 
number n , the more time will the elec¬ 
tron spend at a farther distance from 
the nucleus, and so there is a relation- 
ship between these two aspects of elec¬ 
tronic distribution. Even in 1897, 
when J. J. Thomson first realized that 
the electron might be a universal con- i 
Htituent of matter (§2.46), he com¬ 
pared the electrons in an atom to a 
system of floating magnets which 
formed a stable system of groups ar¬ 
ranged in concentric rings. Later, in 
l9(M t when lie developed his theory of 
atomic structure, Thomson said that 
“the corpuscles [i.e., electrons] will 
arrange themselves in a series of . . 
concentric shells.” Furthermore, as 
Nfiited earlier, he realized that there 
must be a connection between the vari¬ 
ation in the properties of elements as 
exemplified by the periodic system and 
the arrangement of the electrons about 
the nucleus. In the years 1913 and 
1914, Bohr, Rutherford and Thomson 
nil pointed out that the extranuclear 
(orbital) electrons, and particularly 
those in the outermost groups or shells, 
Were responsible for the chemical 
properties as well as for the spectra of 
jlto various elements. Hence, the prob¬ 
lem of the arrangement or configura¬ 
tion of the electrons around the nu¬ 
cleus became of interest to the chemist 
ttw well as to the spectroscopist. 
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4.64. Although this problem was es¬ 
sentially solved by 1924, an the basis 
oi a careful study, by many scientists, 
of the chemistry, the optical and X-ray 
spectra, and the magnetic properties of 
the elements, an important coordinat¬ 
ing principle, known as the exclusion 
principle , was enunciated in 1925, by 
the Austrian-born, mathematical phys¬ 
icist W. Pauli. He based his conclusion 
on experimental observations, and the 
principle has, as yet, no theoretical 
basis. Nevertheless, in its most general 
form, expressed in the language of w T avo 
mechanics, it must represent something 
i undamental in the structure of matter. 
Here it will be adequate to state the 
exclusion principle in the special terms 
applicable to the problem of the dis¬ 
tribution of the extranuclear electrons, 
thus: it is impossible for any two elec¬ 
trons in the same atom to have their 
four quantum numbers identical. In 
other words, no more than one electron 
can occupy each possible energy state, 
as defined by the four quantum num¬ 
bers (§4.55). 

4.65. This simple idea, in conjunc¬ 
tion with the rules which give the per¬ 
mitted values for the quantum num¬ 
bers n, l , m and $, leads to some inter¬ 
esting consequences. Consider, first, 
the group for which the principal quan¬ 
tum number n is 1; the only possible 
values of m, l and s which satisfy the 
conditions given in §4.51 et seq,, as 
well as the exclusion principle, are 
then as follows: 

nil 

l 0 0 

m 0 0 

s + - 

There can consequently be no more 
than two electrons in the first (n = 1) 
quantum group. 

4.66. In the second group, with n — 

2, there are eight possibilities, thus: 
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n 2 2222222 

z.0 0111111 

m 0 0 —1 —1 0 0 +1 +1 

s + — + — + “ + — 

It is seen that in no case are all four 
quantum numbers identical, so that 
there can be up to eight electrons, and 
no more, in the second principal quan¬ 
tum group. Of these eight electrons, 
two have l = 0, and six have l — 1. 

4.67. Working in this manner, the 
results in the accompanying table may 
be derived for the maximum numbers 
of electrons corresponding to n values 
from 1 to 5, for each of the permissible 
l values. Attention may be called to 
the fact that the total maximum num¬ 
bers in the successive principal quan¬ 
tum (n) levels are 2, 8, 18, 32 and 50, 
which may be written as 2 X l 2 , 2 X 

Distribution of Orbital Electrons 
in Quantum Groups 

l = 0 1 2 3 4 

Maximum Number of 




Electrons 

Total 

71 = 1 
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— 

— — 
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. 2 
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6 

— 

— — 

8 

3 

2 

6 

10 

— — 

18 

4 

2 

6 

10 

14 — 

32 

5 

2 

6 

10 

14 18 

50 


2 2 , 2 X 3 2 , 2 X 4 2 , and 2 X 5 2 , respec¬ 
tively. The maximum numbers are 
thus proportional to l 2 ,2 2 ,3 2 ,4 2 and 5 2 . 
This is in general accord with the idea 
that the higher the value of the princi¬ 
pal quantum number n, the more time 
do the electrons spend at an increasing 
distance from the nucleus. The greater 
the distance, the more the space avail¬ 
able, and hence the larger the number 
of electrons that can be accommodated. 
As an approximation, therefore, the 
principal quantum numbers may be re¬ 
garded as representing a series of 
spherical shells, of increasing radius, 
about the central nucleus. The first 
can accommodate a maximum of two 
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electrons; the second, eight; the third, 
eighteen; and so on. 

The Periodic System and 
the Orbital Electrons 

4.68. By means of the results given 
in the foregoing table many of the gen¬ 
eral features of the periodic system of 
the elements can be interpreted. If, in 
addition, information obtained from 
atomic spectra, from the characteristic 
X-rays and from chemistry is utilized, 
it is possible to deduce the details of 
the arrangement of the extranuclear 
electrons in the atoms of most ele¬ 
ments. The general procedure is to 
imagine the electrons, equal in number 
to the positive nuclear charge, i.e., to 
the atomic number of the element, to 
be added to the system one at a time 
until the complete atom is built up. It 
is then necessary to find in which quan¬ 
tum level each successive electron is 
accommodated. This apparently ardu¬ 
ous procedure is greatly simplified by 
assuming that the main inner electron 
grouping of any atom is the same as 
that of the element preceding it in 
order of atomic number. All that is re¬ 
quired, then, is to determine the posi¬ 
tion of the additional electron which 
distinguishes one element from the 
next in the periodic table. Thus, start¬ 
ing with hydrogen, which has one 
electron, its position is established as 
being in the n — 1 level; then with 
the next element, helium, the additional 
electron completes this group. In the 
third element, lithium, it is concluded 
from its chemical and spectroscopic 
properties that the extra electron must 
enter the second principal (n = 2) 
quantum level. This procedure is con¬ 
tinued throughout the series of ele¬ 
ments. In a few instances the as¬ 
sumption that the inner grouping 
is unchanged from one element to the 
next higher one does not hold, but 
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The Structure 

there are definite indications when 
this is the case and due allowance can 
be made. 

4.69. One of the many interesting 
results which has emerged from con¬ 
siderations of the type just described 
is that the principal quantum levels do 
not fill up with electrons strictly in the 
order 1, 2, 3, 4 etc. Whenever the out¬ 
ermost group, other than the first, con¬ 
tains eight electrons, the next electron 
goes into a higher principal quantum 
level, irrespective of whether any va¬ 
cant places remain to be filled or not. 
The result is the regular repetition of 
properties at definite intervals, as ex¬ 
emplified by the periodic system, the 
completion of each period, after the 
first, being marked by the presence of 
(right electrons in the highest quantum 
level. The number of electrons in the 
various principal quantum levels for 
the elements of Group 0 of the periodic 
table, i.e., the inert gases of the atmos¬ 
phere (§1.47), are shown below. It 
will be seen that with xenon, for exam- 


Arrangement of Electrons 
in Group 0 Elements 

—--. A k nl /•.. n iL 
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Krypton 
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2 

8 
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Xnnon 

54 

2 

8 

18 

18 

8 

_ 

Ibulon 

86 

2 

8 

18 

32 

IS 

8 


|lie, eight electrons have entered the 
fifth (n = 5) principal quantum level, 
ftllhough there are still fourteen vacan- 
lili'N in the fourth (n = 4) level. The 
Mine is true for radon, which contains 
electrons in the sixth (n = 6) level; al¬ 
though the fifth (n = 5) quantum level 
I* far from complete. 


of the Atom, m 

4.70. Attention must be drawn to a 
number of aspects of the table given 
above. First, it will be seen from the 
last line that when completed the first 
four groups contain 2, 8, 18 and 32 
electrons, respectively, as required by 
the exclusion principle. Second, the 
numbers of elements in successive 
periods of the periodic system, which 
are equal to the differences in the 
atomic numbers of the Group 0 ele¬ 
ments, are 2, 8, 8, 18, 18 and 32. The 
increase from 8 to 18, and from 18 to 
32, is evidently accounted for by the 
possibility of a larger number of elec¬ 
trons entering the higher quantum 
levels. Finally, it will be noted that 
the difference between 18 and 32 elec¬ 
trons in the fourth (n = 4) quantum 
level accounts exactly for the known 
number of elements in the rare earth 
(or lanthanide) series (§1.48). It is 
not unexpected, therefore, that a 
similar group—the actinide series— 
should exist beyond radon, as the fifth 
(n = 5) quantum level fills up from 18 
to 32. 

Characteristic X-Rays 

4.71. The characteristic X-rays of 
the elements, or X-ray spectra, as they 
are often called, differ in one important 
respect from the ordinary or optical 
spectra considered above. In the for¬ 
mer case, the wave lengths, or frequen¬ 
cies, for a particular type of X-ray, 
namely K, L, M etc., vary regularly 
from one dement to the next, with in¬ 
creasing atomic number, as was first 
shown by Moseley (§4.24), and sub¬ 
sequently verified by others. With opti¬ 
cal spectra, however, there is a peri¬ 
odicity, analogous to that observed 
with many other physical and chemical 
properties. The reason for this differ¬ 
ence is that optical spectra are due to 
energy transitions involving the outer¬ 
most electrons, and the arrangement 
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of <these among the quantum levels has 
a periodic character, as just indicated. 
The characteristic X-rays, on the other 
hand, must be caused by transitions of 
another kind. If an atom absorbs a 
sufficiently large amount of energy, 
very much larger than that required 
for the production of optical spectra, 
one or more of the electrons from an 
inner quantum level will be raised to a 
much higher level, or even completely 
ejected from the atom. The vacancy so 
created will then immediately be filled 
by another electron moving into the 
lower level from one of the upper elec¬ 
tronic energy levels; in doing so an 
X-ray line characteristic of the ele¬ 
ment will be produced. 

4.72. Calculations show that if the 
initial absorption of energy results in 
the ejection of one of the two electrons 
in the first {n = 1) principal quantum 
level, the X-rays produced, as another 
electron moves into the vacancy, be¬ 
long to the K series. For this reason 


ft SERIES L 5EFNES M SgfilES 


N (» = 4 ) 


M (« * 3 ) 


L (« - 2 ) 


K <« ■ 0 


FiG. 4.5. Interpretation of characteristic 
X-rays in terms of energy levels. 


the first quantum level is frequently 
referred to as the K level. Similarly, 
X-ray lines in the L series are ob¬ 
tained when the absorption of energy 
by an atom eauses an electron in the 
second (n = 2) quantum group, also 
called the L level, to be transferred 
to a higher level. Members of the M 
series result from the removal of an 


electron in the third (n = 3) quantum 
level or M level, and so on (Fig. 4.5). 

4.73. If any one X-ray series, say 
the K series, is considered, it can be 
seen that in passing from one element 
to the next of higher atomic number, 
the electronic transition responsible 
for the X-ray remains essentially un¬ 
affected. In each case, an electron 
from one of the higher energy levels 
must move into the vacant position 
in the K level. There will, of course,] 
be small differences in the energy with 
increasing atomic number, and hence 
the wave lengths, or frequencies, of 
the characteristic X-rays should vary 
gradually from one element to the 
next, as is actually observed. 

4.74. The amount of energy re¬ 
quired to produce a particular char¬ 
acteristic X-ray line can be readily 
calculated by means of the Planck 
quantum theory, equation (4.4) or 
(4.5) being especially convenient for 
this purpose. One of the K lines of the 
element tungsten, for example, has a 
wave length of 0.213 A, i.e., 0.213 X 
10~ 8 cm. Upon inserting this figure 
into equation (4.5), the corresponding 
energy change is found to be 58,200 
ev. Consequently, at least 58,200 ev 
(or 58.2 kev) of energy must be sup¬ 
plied in order to excite this particular 
X-ray line of tungsten. Because the, 
emission of the lines of the K series 
must be preceded by the ejection of 
an electron from the innermost energy 
level, where the electrons are held 
most tightly, large amounts of energy 
are needed. As might be expected, 
smaller energies are required to excite 
the L series, and still less for the M 
series, and so on, since the electrons 
are ejected from levels where they are 
less and less strongly held. The wave 
lengths increase accordingly and the 
corresponding X-rays have dirpin- 
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ished penetrating power, i.e., decreas¬ 
ing hardness (§ 2.92).* 

4.75. Attention should be called 
here to the fact that the foregoing in¬ 
terpretation applies only to the char¬ 
acteristic X-rays of the various ele¬ 
ments. As usually produced, by 
permitting a stream of fast-moving 
electrons to impinge on a metal anti¬ 
cathode (§2.91), the X-rays invari¬ 
ably cover a considerable range of 
wave lengths, often including the 
characteristic rays of the metal. These 
continuous X-rays do not result from 
electronic transitions within the atom, 
us described above, but are due to the 
interaction of the high-speed elec¬ 
trons with the anticathode material. 
When a fast-moving electron ap¬ 
proaches the nucleus of an atom the 
electrical interaction causes the elec¬ 
tron to be accelerated and deflected 
from its original path. In accordance 
with Maxwell’s electromagnetic the¬ 
ory, this process must be accompanied 
by the emission of energy as radia¬ 
tion. The loss of energy results in a 
blowing down of the electrons, so that 
the radiation is commonly referred to 
by the German name of bremsstrah- 
lung, literally “braking (or slowing 
down) radiation.” The continuous 
X-rays from an anticathode bom¬ 
barded by high-speed electrons are 
thus bremsstrahlung. As a general 
Hilo, the fraction of the kinetic energy 
of the electron converted into radia¬ 
tion in this manner increases with the 
energy of the electron and with the 
atomic number of the material in 
Which it is slowed down. 

4.76. The frequency (or wave 
length) of the radiation is related, by 


113 

means of the Planck equation, to the 
energy lost by the electrons. In an 
X-ray tube the electrons will have 
passed through a potential of a thou¬ 
sand to a million volts, so that their 
energies are 10 3 to 10 6 ev, i.e., about 
1 kev to 1 Mev. It can be readily cal¬ 
culated from equation (3.6) that, if 
all the energy is converted into radia¬ 
tion, the corresponding wave lengths 
will be from 10~ 7 to 10~ 10 cm., which 
is the X-ray region (Fig. 3.4). Since 
various electrons lose different 
amounts of energy, the X-rays pro¬ 
duced will cover a range of wave 
lengths, the values calculated above 
representing the minima for the re¬ 
spective electron energies. 

Mesonic Atoms and Mesonic 
X-Rays 

4.77. A negatively charged pi- or 
mu-meson, such as may be present in 
cosmic rays or produced in the labora¬ 
tory (§2.124), slows down very rap¬ 
idly, in an interval of time that is 
small even compared to its very short 
life. The slow, i.e., low energy, nega¬ 
tive meson can then be trapped by an 
atomic nucleus into a permitted (or 
stationary) energy level which is 
quite analogous to the energy levels 
(or orbitals), considered above, that 
can be occupied by electrons. The 
combination of nucleus and negative 
meson, which has but a transient ex¬ 
istence, as will be seen below, is called 
a mesonic (or mesic) atom . 

4.78. The energy levels in the me¬ 
sonic atom, like the electronic levels 
in an ordinary atom, have definite 
quantum numbers, but they differ in 
one respect. For a given value of the 


I ho energies necessary to excite X-rays arc much greater than those required to pro- 
llilrn oplir.'i! S]II , 11 , 1 , Miner- 111 r hiil pi Jin- jiNHneiated with transitions between the outermost 
WfMumnie levels. Thus, X-ray energies nre genera]fv in the kilo-electron volt rung**, whereas 
ft lew olrHrnn volts will ex rile oplinil apeefcru. 
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principal quantum number n , for ex¬ 
ample, the meson would be, on the 
average, very much closer to the nu¬ 
cleus than an electron. The effective 
radius of the so-called orbits of the 
mesonic atom can be readily obtained 
by means of the Bohr theory or its 
equivalent in wave mechanics. The 
mesonic atom, with a single meson, 
behaves like a hydrogen atom with a 
single electron, and so it is referred to 
as a hydrogenic (or hydrogen-like) 
atom. By applying the Bohr theory, it 
is then found that the effective radius, 
for the principal quantum number n, 
is given by equation (4.6) divided by 
Zm 0 , where Z is the nuclear charge 
and m 0 is the rest mass of the meson 
relative to that of an electron. For a 
pion, mo is 273 and for a muon it is 
207 (§ 2.126), so that a meson will be 
very much closer to the nucleus than 
would the corresponding electron. It 
may be mentioned that a hydrogen- 
like mesonic atom will also have or¬ 
bital electrons, which originally sur¬ 
rounded the nucleus, but these are 
relatively so far away that they 
hardly affect the interaction of the 
nucleus with the meson. 

4.79. At first, the negative meson 
will be trapped in one of the outer 
mesonic energy levels. As a result of 
the electrostatic attraction by the nu¬ 
cleus, it will then make a transition to 
the next inner level, and then to the 
next and so on. Every transition, as is 
the case in electronic transitions, will 
be accompanied by the emission of 
radiation of a definite energy and 
wave length. For electronic transi¬ 
tions, the corresponding energies 
would be in the electron volt range, 
and the wave lengths around 10" 4 
cm., so that the radiation would be 
in (or near to) the visual region of 
the (optical) spectrum. Because the 
mesons are closer to the nucleus, the 
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energy changes accompanying the 
transitions are greater, and the wave 
lengths shorter, than for a hydrogen 
atom, roughly in proportion to the 
factor Z 2 m 0 . 

4.80. Since ra 0 is 207 for mu-mesons, 
and 273 for pi-mesons and Z, the nu¬ 
clear charge, may range from 1 for 
hydrogen to 92 for uranium, it is ap¬ 
parent that Z 2 m 0 , which varies from 
one element to another, will be of the 
order of 10 3 to 10 6 . The energy 
changes accompanying mesonic tran¬ 
sitions may thus be expected to be in 
the approximate range of a thousand 
to a million electron volts, and the 
wave lengths of the radiations emitted 
should be in the vicinity of 10" 7 to 
10" 10 cm. Such radiations will evi¬ 
dently lie in the X-ray region, and 
hence they have been given the name 
of mesonic X-rays. The production of 
these radiations was first reported by 
W. Y. Chang in the United States in 
1949, and the discovery has since been 
confirmed by others. Mesonic X-rays, 
due to the trapping of pi- and mu- 
mesons by the nuclei of a number of 
different elements, have been ob¬ 
served. The energies and wave lengths 
of these radiations agree with the val¬ 
ues calculated on the basis of the the¬ 
ory outlined above. 

4.81. In a mu-mesonic atom, the 
negative mu-meson will usually stay 
in the lowest energy level for about a 
millionth of a second or so before it 
decays into an electron (§ 2,126). 
There are reasons for believing that 
in this state the meson actually 
spends some time within the nucleus, 
so that an occasional muon is cap¬ 
tured by interaction with a proton, 
The negative charge of the mu-meson 
is neutralized, and the mass is annihi¬ 
lated. Energy is liberated and this 
leads to some minor disruption of the 
nucleus, 
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4.82. It was implied in § 2.125 that 
pions might be expected to interact 
much more readily with nuclei than 
do muons; this difference is manifest 
in the behavior of mesonic X-rays. 
The radiations corresponding to pi- 
meson transitions to the lowest levels 
are often missing, especially for heav¬ 
ier nuclei, whereas nuclear disintegra¬ 
tions are relatively common. Hence, 
it has been concluded that negative 
pi-mesons are often captured before 
they reach these low levels. In other 
words, a pion can be absorbed by the 
nucleus, although, according to classi¬ 
cal mechanics, it is a relatively con¬ 
siderable distance away. At first 
thought, this might be attributed to 


the electrical attraction between the 
(positive) nucleus and the (negative) 
meson, but such is apparently not the 
case. A better explanation is the fol¬ 
lowing. As just indicated, classical 
mechanics requires that the meson 
move in an orbit that is at a distance 
from the nucleus at all points. But 
wave mechanics implies that there is 
a small, but finite, probability that 
the pi-meson will spend some time 
near (or even inside) the nucleus. 
When this occurs, the strong interac¬ 
tion between the negative pion and 
the nucleons results in absorption of 
the meson followed by considerable 
disruption of the nucleus. 


PROPERTIES OF THE NUCLEUS 


Nuclear Energy Levels 

4.83. The energy levels considered 
no far have been called electronic or 
tnesonic levels since they represent 
different states of the orbital electrons 
nr of mesons, respectively. There are 
also, however, nuclear energy levels 
wlrich apply in an analogous manner 
In the states of the particles within 
the nucleus. There are good reasons 
for believing that various excited 
plates of the nucleus exist (§§7.39, 
10.118), with energy values in excess 
of the normal or ground state. 

4.84. Transitions between pairs of 
Unclear energy levels give rise to radi¬ 
ations, but since the energy changes 
Involved are considerably greater than 
for electronic transitions, the nuclear 
radiations have a much shorter wave 
length. In general, the energy separa¬ 
tion of nuclear levels is of the order 
of a million electron volts, and if the 


energy difference E 2 — E x in equation 
(4.5) is set equal to 1 Mev (or 10 6 
ev), the wave length of the corre¬ 
sponding radiation is seen to be about 
1.2 X 10" 10 cm. Such a wave length 
corresponds to very short X-rays, or, 
what is essentially the same thing, to 
gamma rays.* It will be seen in Chap¬ 
ter VII that the gamma radiation, 
which often accompanies the emission 
of alpha and beta particles in radioac¬ 
tivity, is probably due to the transi¬ 
tion of an atomic nucleus from a 
higher (excited) energy level to a 
lower level (§7.101). Determination 
of the wave length of the gamma radi¬ 
ation permits the calculation of the 
corresponding energy change, and vice 
versa. 

4.85. It has seemed probable for 
some time that definite quantum 
numbers could be assigned to the pro¬ 
tons and neutrons in atomic nuclei, 


* All,hough there is no fundamental difference between X-rays and gamma rays, the latter 
I pm i is generally used for the short wave lengt h radiations emitted by an atomic nucleus 
Hi 1 accompanying particle annihilation. X-rays aro produced by electrons (or mesons) out- 
llilc (ho nucleus (94.71 ot twq.). 
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just as they have been to the orbital 
electrons. The problem has proved a 
difficult one because of the unex¬ 
pected interactions occurring among 
the orbital and spin angular momenta, 
with quantum numbers l and s, re¬ 
spectively. As a result of this interac¬ 
tion, the order in which the energy 
levels for the nucleons are filled is 
quite different from the relatively 
simple situation existing for electrons 
(§4.68). However, considerable prog¬ 
ress in the assignment of quantum 
numbers to protons and neutrons in 
atomic nuclei has been made in recent 
years, based on the Pauli exclusion 
principle, as will be explained more 
fully in Chapter XII. According to 
the “shell” model of the nucleus as it 
is called, the protons and neutrons 
each occupy a series of energy levels 
or shells, analogous to the electronic 
energy levels described above. Closed 
shells occur when the total number of 
protons or neutrons is 2, 8, 20, 50 and 
82. 

Nuclear Spin 

4.86. Since neutrons and protons 
manifest the property of angular mo¬ 
mentum usually called “spin,” every 
atomic nucleus has a definite spin 
quantum number, which is the result¬ 
ant of the individual spins of its con¬ 
stituent nucleons. Several methods, 
some of them based on spectroscopic 
studies and others involving the be¬ 
havior of nuclei in a magnetic field, 
have been devised for determining nu¬ 
clear spins, and the values are known 
for a number of elements (§12.72). 
Individual nucleons can have spin 
quantum numbers of +% and — % 
only, and the combination of the spins 
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of these particles in the atomic nu¬ 
cleus means that the resultant spin 
quantum numbers may be 0, 1,1 

%, 2, etc., i.e., an odd or even number 
of half integers. As is to be expected, 
nuclei with odd mass numbers, and 
hence containing an odd number of 
nucleons, have spin quantum num- , 
bers of y 2 , %, %, %, or % 7 no value 
higher than % having been observed 
for the ground state of any stable nu¬ 
cleus. On the other hand, when the 
mass number, and hence the number I 
of nucleons, is even, the nuclear spin 
is usually 0 or 1, although larger inte¬ 
gral values have been recorded in a 
few cases. In the event that the num- | 
bers of protons and neutrons are both 
even, the spin is apparently always 
zero, in the ground state, but may be 

1, 2, 3, etc., in the excited states. It is 

important to mention that the nuclear 
spins in excited states are generally 
different from each other and from 
those in the ground state. But the gen¬ 
eral rule holds good that the spins of 
nuclei with odd mass numbers are odd 
numbers of half integers, i.e., %, ] 

%j etc., whereas those with even mass 
numbers are zero or integral, e.g., 0, 1,1 

2, 3, etc. 

4.87. It may be remarked, in pass¬ 
ing, that the nuclear spin quantum 
numbers provide one of the arguments 
against the presence of electrons in 
the atomic nucleus. The simple corre¬ 
lation between the number of parti¬ 
cles in the nucleus and the nuclear 
spin would not then be possible. It 
will be seen in due course that nuclear 
spins have some interesting conse¬ 
quences ; among other things, they 
play an important role in determiiM 
ing the allowed transitions between 
nuclear energy levels. 
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RADIOACTIVE ELEMENTS 


Early Radioactive 
Measurements 

5.1. In an earlier chapter an ac¬ 
count was given of the discovery of 
radioactivity, and the alpha, beta and 

uimna rays were described briefly, 
tudies of the behavior of alpha par¬ 
ticles have led, as already seen, to the 
development of a theory of atomic 
Structure, and also to the identifica¬ 
tion of the neutron, one of the most 
important of the fundamental parti¬ 
cle of nature. Investigations of the 
phenomena associated with radioac¬ 
tivity have had striking consequences 
(flier than those just mentioned. It is, 
tiler efore, necessary to consider the 
Hlhject of radioactivity in greater de¬ 
tail. 

5.2. It will be recalled that, after his 
inli hil observation of the photographic 
HI ect of uranium salts, Becquerel 
found that these substances were able 
tu discharge an electroscope. The in- 
Itiunient used by Becquerel was 
uni iic what crude, and although he was 
llilc to show that several compounds 
|f uranium, as well as the metal itself, 
HMilftcd the active radiations, he could 
imi make a reliable comparison of the 
relative activities of the various ma¬ 


terials. It was to this quantitative 
aspect of the matter that the Polish- 
born Marie Sklodowska Curie, who 
was then in Paris studying the mag¬ 
netic properties of iron and steel, 
turned her attention in 1898. Her hus¬ 
band, Pierre Curie, in cooperation 
with his brother, Jacques Curie, had 
discovered the property of piezoelec¬ 
tricity* whereby certain crystals, 
quartz and some salts of tartaric acid 
in particular, are able to produce a 
difference of electric potential when 
subjected to pressure. Utilizing the 
fact that the electric current gen¬ 
erated is proportional to the pressure, 
applied by means of weights, the 
Curie brothers were able to design a 
relatively simple form of electrometer 
for the measurement of very small 
currents. 

5.3. It was a piezoelectric device of 
this type that Marie Curie used in her 
work on the activities of the radia¬ 
tions produced by various uranium 
compounds. The apparatus consisted 
of two parallel horizontal plates, con¬ 
nected through a high-voltage battery 
to a sensitive galvanometer. The ura¬ 
nium compound was placed on the 
lower plate, so that the radiations ion- 


* l^i'oin the Greek piewin (to prcwi). The phenomenon ie now extenmvoly employed in 
h h»lmnii! communication nml wound reproduction. 
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ized the air between the plates and 
thus caused a small electric charge to 
flow to the galvanometer. The magni¬ 
tude of this charge, which was a 
measure of the ionizing power or ac- 
: tivity of the radiations, was then 
. determined by balancing it with the 
electricity produced by applying pres¬ 
sure to a piezoelectric quartz crystal, 
as described above. 

5.4. In this manner, Madame Curie 
found that “all the compounds of ura¬ 
nium studied are active and, in general, 
the activity is greater the more ura¬ 
nium they contain.” She also reported 
that thorium compounds possessed 
similar activity—a discovery made in- 

; dependently a few weeks earlier by 
; G. C. Schmidt in Germany—and called 
attention to the fact that the active 
- elements, uranium and thorium, are 
among those with the highest atomic 
weights. 

Discovery of Polonium 

i 

5.5. While studying the ionizing 
power of the radiations from various 

: uranium minerals, Marie Curie noted 
that two of these minerals, namely, 
pitchblende (uranium oxide) and chal¬ 
colite (copper uranyl phosphate), are 
much more active than uranium itself. 
“This fact,” she went on to state, “is 
very remarkable and leads to the belief 
that these minerals may contain an ele¬ 
ment much more active than uranium.” 
. At this point, because of the challeng¬ 
ing nature of the problem, Pierre Curie 
put aside his own work, and in 1898 he 
joined his wife in an attempt to dis¬ 
cover the cause of the unexpected ac¬ 
tivity of the minerals pitchblende and 
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chalcolite. In a joint publication* they 
reported: “Studies of the compounds of 
uranium and of thorium have shown 
. . . that the property of emitting 
rays, which make the air conducting 
and which act on photographic plates* i 
is a specific property of uranium and of 
thorium found in all the compounds of 
these metals, being weaker as the pro- i 
portion of the active metal in the com¬ 
pound is itself smaller. The physical 
state of the substance seems to have an 
altogether secondary importance. . . J 
Hence, it appears very probable that 
if certain minerals are more active than 
uranium and thorium, it is because . 
they contain a substance more active 
than these metals. . . . We have at¬ 
tempted to isolate this substance in 
pitchblende, and the experiments have 
confirmed the foregoing conclusion, 1 
. . . The pitchblende [used] was about j 
two and half times as active [in pro-1 
ducing ionization] as uranium ... it 
was attacked with acids and the solu¬ 
tion obtained was treated with hydro- j 
gen sulfide. The uranium and thorium] 
remained in solution, [but] theprecipi*l 
tated sulfide contained a very active 
substance, together with lead, bismuth J 
copper, arsenic and antimony.” 

5.6. The arsenic and antimony sul-j 
tides were dissolved out by means of] 
ammonium sulfide, and from the nitric* 
acid solution of the residue the lead! 
was precipitated as sulfate. Ammonia] 
was then added to separate the big-l 
muth from the copper, f The activM 
substance was found to be largely as*] 
sociated with the resulting precipitate 
of bismuth hydroxide. The separation 
from bismuth proved difficult, but flj 
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♦The title of this paper is “On a new radioactive substance, contained in pitchblende® 
and it is here that the word radioactive was used apparently for the first time, at least in] 
print. However, in her life of Pierre Curie, Marie Curie said: “To define this new proper™ 
... I proposed the term radioactivity.” Tne implication is that Marie Curie was responsibM 
for the name. 

tThe reader who is familiar with qualitative inorganic analysis will recognize in this pro* 
cedure the conventional method used in the separation of metallic cations. 
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nally it was found that if the sulfides 
Were heated to 700°C in an evacuated 
tube, the active sulfide was obtained as 
a black deposit in the cooler regions of 
the tube. The Curies then concluded r 
1 By carrying out these operations, 
more and more active products are 
obtained. Finally, we obtained a sub¬ 
stance whose activity is about 400 
times as great as that of uranium. . . . 
We believe, therefore, that the sub- 
itance we have isolated from pitch¬ 
blende contains a hitherto unknown 
tnetal. ... If the existence of this 
how metal is confirmed, we propose to 
Call it polonium , after the name of the 
hative country of one of us [Madame 
Curie].” 

Discovery and Isolation 
of Radium 

5.7. In the course of further investi¬ 
gation, the Curies, together with an 
Assistant, G. Bemont, found that pitch¬ 
blende contained “a second strongly 
radioactive substance, entirely differ¬ 
ent from the first [i.e., polonium] in 
It* chemical properties . . . this new 
radioactive substance . . . has all the 
lltemical characteristics of barium. It 
I* not precipitated by hydrogen sulfide, 
gnunonium sulfide or ammonia; the 
#111 fate is insoluble in water and in 
gpidH, the carbonate is insoluble in 
Wafer; and the chloride is very soluble 
in water but insoluble in concentrated 
hydrochloric acid and in alcohol. . . . 
All hough the [product] consists 
huiiuly of barium, it contains, in ad¬ 
dition, a new element which confers 
Wdinactivity on it and which resembles 
barium in its properties. . . . Upon 
Uaaolving . . . [the mixed] chlorides 
In water and partly precipitating with 
glnohol, the precipitated portion is 
much more active than that remain¬ 
ing in solution.” 

♦ From the Latin radiu$ (ray), 
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5.8. By dissolving the precipitate in 
water and reprecipitating with alcohol, 
and repeating this procedure several 
times, a product was finally obtained 
with an activity 900 times as great as 
that of uranium. It was only lack of 
material, which diminished steadily in 
quantity as the barium chloride was 
removed, that prevented even higher 
activities being attained. The results 
were explained by the presence of a 
new element to which was given the 
name radium * Since the most active 
product still contained a large pro¬ 
portion of barium it was concluded, 
quite correctly, that the “radioactivity 
of radium must be enormous,” com¬ 
pared with that of uranium. The view 
that the highly active chloride did in¬ 
deed contain a new element was sup¬ 
ported by the spectroscopic observa¬ 
tions reported in an accompanying 
note by M. Damar^ay; he stated that 
the spectrum contained, in addition to 
the barium lines, a line that did not 
correspond with that of any other 
known element. 

5.9. In order to confirm their claim 
to have discovered two new elements 
possessing marked radioactive proper¬ 
ties, the Curies felt it necessary to 
work with larger quantities of material 
in the hopes that they might thereby 
obtain appreciable amounts of prod¬ 
ucts of greater purity. Through the 
influence of the Academy of Sciences 
in Vienna and the cooperation of the 
Austrian Government, who then owned 
the famous St. Joachimsthal mines in 
Bohemia, the Curies secured a ton of 
pitchblende residues from which much 
of the uranium had been extracted. 
From these residues, working in an old 
shed, under the most primitive and 
difficult conditions, they obtained a 
specimen of radium chloride which 
they succeeded in separating from its 
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associated barium chloride by repeated 
fractional crystallization. By 1902, 
Madame Curie reported, one tenth of 
a gram of radium chloride, of sufficient 
purity to be used for the determination 
of the atomic weight of radium, had 
been isolated from the pitchblende 
residues. This accomplishment repre¬ 
sented the culmination of a supreme 
effort of scientific faith and persever¬ 
ance. 

Natural Radioelements 

5.10. Following upon the identifi¬ 
cation of polonium and radium by the 
Curies, another new radioactive ele¬ 
ment, named actinium, was discovered 
in pitchblende residues by the French 
scientist, A. Dehieme in 1899, and in¬ 
dependently, some two years later, by 
F. Giesel in Germany. In 1900, there¬ 
fore, five different radioactive elements, 
including uranium and thorium, were 
ljnown. By the end of 1904, largely 
owing to the fundamental discoveries 
made by Ernest Rutherford, then in 
Montreal, Canada, in collaboration 

RADIOACTIVE DEC 
Uranium X and Thorium X 

5.12. While studying the radioac¬ 
tive properties of uranium in 1900, 
William Crookes, whose work on cath¬ 
ode rays was mentioned in Chapter II, 
made a somewhat surprising discovery. 
He added ammonium carbonate to a 
solution of uranium nitTate in water 
until the precipitate which first formed 
had almost completely redissolved, 
leaving a small quantity of a fiocculent 
residue. Upon examining the effect of 
this residue on a photographic plate, 
he found it to be very active, whereas 
the product obtained from evaporating 
the solution, which actually contained 
essentially all the uranium, was virtu¬ 
ally inactive. 
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with the English chemist Frederick 
Soddy, twenty elements possessing 
radioactive properties had been de¬ 
scribed; this number was extended to 
more than thirty by 1912, and at the 
present time over forty radioactb e 
species or racHoelements, as they are 
now called, of high atomic weight are 
known to exist in nature. 

5.11. In addition, a few of the lighter 
elements, namely, potassium, rubid¬ 
ium, samarium, lutetmm, rhenium and 
perhaps one or two others, possess 
feeble radioactive properties in their 
normal states. It should be emphasized 
that the elements referred to here are 
those which are radioactive in the 
forms in which they occur naturally. 
One of the outstanding achievements 
of modern atomic science has been the 
production of virtually every one of 
the known elements, and of some 
others previously unknown, in radio¬ 
active forms. This aspect of radioac¬ 
tivity and its important applications 
in science and medicine will be de¬ 
scribed in later chapters. 

AY AND RECOVERY 

5.13. This unexpected result led 
Crookes to suggest that, contrary, to 
the views of Becquerel and the Curies, 
radioactivity was not an inherent 
property of the element uranium, but 
of an extraneous substance associated | 
with it. To this active substaned 
Crookes gave the name uranium ?CJ| 
Apparent confirmation of this idea 
provided by Becquerel himself wheffl 
he observed that if barium chloriM 
was mixed with a solution of a urM 
nium salt and then sulfuric acid addo® 
the precipitated barium sulfate, whioM 
contained none of the uranium, cun its® 
virtually all of the radioactivity. 

5,14. However, Becquerel was no® 
satisfied with Crookes's suggest!* 
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I hat the observed activity of uranium 
salts was due to an impurity. For, he 
said, “the fact that the radioactivity 
of a given salt of uranium, obtained 
commercially, is the same, irrespective 
of the source of the metal, or of the 
treatment it has previously undergone, 
makes the hypothesis not very prob¬ 
able. Since the radioactivity can be 
decreased [by suitable precipitation] 
It- must be concluded that in time the 
waits of uranium recover their activ¬ 
ity.” This conjecture was verified by 
Becquerel in 1901, for having prepared 
|ome uranium salts whose activity had 
been removed in a barium sulfate pre¬ 
cipitate, he put them aside for eighteen 
months. At the end of that time he 
found that the uranium compounds 
had completely regained their activity, 
M regards their ability to render air 
Conducting and to affect a photo- 
|l'aphic plate. The barium sulfate 
precipitate, however, had become com- 
1 pletely inactive. “The loss of activ¬ 
ity,” wrote Becquerel, . . shows 
that the barium [sulfate] has not re¬ 
moved the essentially active and per¬ 
manent part of the uranium. This fact 
ipilutitutes then a strong presumption 
in favor of the existence of an activity 
(( peculiar to uranium, although it is not 
proved that the metal be not inti- 
IHftluly united with another very active 
product.” 

!. 15. Observations analogous to 
Ihnae described above were reported 
hy llutherford and Soddy in 1902 as 
the result of experiments with thorium 
Compounds. Thorium nitrate was dis- 
Mitvod in water and sufficient ammonia 
Wmi added to precipitate the whole of 
thorium as its hydroxide. The 
(III rule was evaporated to dryness and 
lii ded to drive off the ammonium 
' h, The small residue remaining, 

• WJimi HuMirrforri wim elevated to the Hi 
llOpnrltml role in the hiNtory of radioactivity, 


which Rutherford and Soddy called 
thorium X, by analogy with Crookes's 
uranium X, carried essentially all the 
radioactivity, whereas the thorium hy¬ 
droxide precipitate was inactive. How¬ 
ever, in the course of a few days, it 
was noted that the thorium X was 
losing its activity, while the thorium, 
which had been freed from thorium 
X, recovered its activity at the same 
rate, as shown in Fig. 5.1.* 



Fig. 5.1. Decay of thorium X and re¬ 
covery of thorium, as observed by Ruther¬ 
ford and Soddy. 

5.16. Rutherford and Soddy also 
made a quantitative study of the rate 
of decay of the activity of uranium X 
and of the rate of recovery of the 
activity of uranium after the uranium 
X had been removed. The curves ob¬ 
tained were similar in shape to those 
in Fig. 5.1, the only difference being 
that it required about six months for 
uranium to regain its original activity, 
although thorium recovered in about a 
month. Since the uranium (or thorium) 
recovers its activity at the same rate 
as the activity of the separated ura¬ 
nium X (or thorium X) decays, it can 
be understood why, in the ordinary 
way, uranium and thorium compounds 
do not exhibit any appreciable change 
of activity witli time. 

'itiwh peerage, thin diagram, which plnycd an 
wan incorporated in IiIh enrolchoon. 
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= 5.17. It was established, therefore, 
that uranium and thorium were asso¬ 
ciated with uranium X and thorium X, 
respectively, which differed in their 
chemical and radioactive properties 
from ordinary uranium and thorium. 
This fact alone is not in any way un¬ 
usual, but the point that is remarkable 
is that after being removed, the active 
species is regenerated in the course of 
about six months by the uranium and 
one month by the thorium. After, re¬ 
generation in this manner, the uranium 
X and thorium X can again be sepa¬ 
rated, and the almost inactive residue 
will once more recover its activity in 
due course.'This removal and recovery 
Qf the activity can be repeated almost 
indefinitely. Before proceeding to con¬ 
sider the interpretation of these results, 
it is necessary to describe some other 
observations which have a bearing on 
the problem. 

Radioactive Emanation 

• 5.18. In 1899, Marie and Pierre 
Curie had reported that substances 
placed in the vicinity of a radium 
preparation acquired an “induced” or 
“excited”, activity; and in the same 
yea] 1 , R. B. Owens, of Columbia Uni¬ 
versity, working in Rutherford T s labo¬ 
ratory in Montreal, noted that the 
radioactivity of thorium appeared to 
be affected by currents of air. An ex¬ 
planation of these diverse phenomena 
was provided by the work of Ruther¬ 
ford in 1900. He found that thorium 
salts continuously liberate a radioac¬ 
tive gas, which he called emanation; 
the activity of this emanation decays 
quite rapidly, but in doing so it leaves 
an “induced” activity on surrounding 
matter. 

5.19. That radium salts emit an 
emanation was proved by F. E. Dorn 
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in 1900, and a corresponding actinium 
emanation was discovered in 1903 by 
A. Debierne. The emanations were 
found to behave like ordinary gases in 
all respects, and were even capable of 
being liquefied at low temperatures, 
their radioactivity remaining unaf¬ 
fected. In each case the decay of the 
activity of the emanation was accom¬ 
panied by the development of an 
“induced” activity in the containing 
vessel or on materials in the immediate 
vicinity. This was later shown by 
Rutherford to be due to what he called 
an active deposit , left by the emanation 
as it decayed. 

Theory of Radioactive 
Disintegration 

5.20. With the object of correlating, 
these perplexing facts, Rutherford an 
Soddy proposed in 1902 the theory of 
radioactive disintegration. It was sug-j 
gested that the atoms of radioelements, 
unlike those of inactive elements, unf 
dergo spontaneous disintegration mm 
the emission of alpha or beta particlet 
and the formation of atoms of a new* 
element. In the words of Rutherforc 
and Soddy: “The disintegration of thti 
atom and the expulsion of a 
charged particle leaves behind a ne\tf- 
system lighter than before and posseaeJ 
ing physical and chemical propertiei 
quite different from those of the orifpl 
nal parent element. The disintegration 
process, once started, proceeds froni 
stage to stage with measurable velocw 
ties in each case.” * 

5.21. On the basis of these vicWl 
the observations recorded above find I 
ready explanation. Uranium, for 
ample, which itself possesses only weal 
activity, may be supposed to undergo 
disintegration with the formation d 
the much more active uranium X, luivl 


* The term “metabolon,” from the Greek metabolox , meaning changeable, was Hiiggertl 
to describe ft radioactive element, but it was not generally adopted and it is now obao]#^ 
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ing chemical properties different from 
those of its parent.* Upon the addi¬ 
tion of ammonium carbonate, the ura¬ 
nium X is precipitated, but the uranium 
is retained in solution. The liquid is 
consequently inactive, whereas the 
solid residue is highly active. 

5.22. In the course of time the ura¬ 
nium X in the precipitate disintegrates 
further, the product being less active; 
hence there is a gradual decay of its 
activity. The disintegration stages 
may thus be represented, approxi¬ 
mately, by the following scheme: 

Uranium —> Uranium X —> Product. 

(feeble (strong (feeble 

activity) activity) activity) 

The uranium in solution, however, con¬ 
tinues to disintegrate, and in doing so 
produces more uranium X; the activ¬ 
ity consequently increases until a cer¬ 
tain equilibrium amount is attained. 
The uranium is then decaying to form 
Uranium X just as fast as the latter is 
breaking up; the quantity of uranium 
A present, and hence the observed 
activity, remains essentially constant. 

5.23. It should be mentioned that, 

all hough the product formed by the 
disintegration of uranium X appears to 
he almost inactive, it is actually under¬ 
going further disintegration. It is now 
known that this process is extremely 
"Imv, and if the material were kept, for 
a hu indent length of time, probably 
. . hundreds of years, it would un¬ 
doubtedly exhibit appreciable radio¬ 
activity. 

5.24. The three radioactive ema¬ 
nations, similarly, are to be regarded 
ttM disintegration products of radium, 
thorium and actinium, respectively. 
The luct that they are gases is imina- 
lerinl, since the physical and chemical 
properties ure not necessarily related 
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to those of the parent elements. In a 
relatively short period, the emanations 
themselves disintegrate; the products 
are solids and so they are deposited on 
surrounding materials, thus causing 
the “induced” activity first observed 
by the Curies. These products also 
disintegrate in turn until, ultimately, 
an inactive end product is formed. 

5.25. Becquerel, Pierre Curie and 
others had found that radioactive 
changes could not be affected by high 
or low temperatures, or by any other 
available physical means. The rates 
of ordinary chemical changes, on the 
other hand, are markedly influenced 
by changes of temperature, and some¬ 
times by pressure. The implication of 
this difference between radioactive and 
chemical processes was realized by 
Rutherford and Soddy who wrote: 
“Since . . . radioactivity ... is an 
atomic phenomenon . . . in which new 
types of matter are produced, these 
changes must be occurring within the 
atom. The results that have so far 
been obtained, which indicate that the 
velocity of the [radioactive] reaction 
is unaffected by the conditions, make 
it clear that the changes in question 
are different in character from any 
that have been before dealt with in 
chemistry. . . . Radioactivity may 
therefore be considered as a manifes¬ 
tation of subatomic change.” 

5.26. Although the theory of the 
spontaneous disintegration of radio¬ 
active substances is now accepted 
without reserve, it caused consterna¬ 
tion in the realms of science during the 
early years of the present century. In 
spite of its undoubted ability to ac¬ 
count for the facts of radioactivity, 
many chemists and physicists ex¬ 
pressed strong opposition to the 
theory, because they felt that it was 


* 1 hnniiiin X in now known to be n mixture, rnNiiltinR from sumwivo (lisinleumtioiiH, but 
IhlH niH'M not iilfert Hie Minin ni'KUinent given here, 
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contrary to the established views on 
the permanence of the atom. 

5.27. However, in the course of time 
it became evident that radioelements 
were in fact unstable, and that the 
atoms were undergoing spontaneous 
change at a finite rate. The disinte¬ 
gration theory, as proposed by Ruth¬ 
erford and Soddy, consequently forms 
the basis for the interpretation of the 
properties of the forty or so natu¬ 
rally occurring radioactive species now 
known, as well as the several hundred 
which have been obtained in other 
ways. A fuller treatment of the funda¬ 
mental implications of the theory in 
terms of atomic nuclear structure will 
be given later (§ 8.9). 

5.28. It may be wondered how the 
concept of the spontaneous change of 
one element to another in radioactive 
disintegration can be reconciled with 
the view that the elements are the 
simplest forms of matter. It is for this 
very purpose that an element was de¬ 
scribed in § 1.14, as something which 
could not be split up by means of 
ordinary chemical reactions. Radio¬ 
active changes, as indicated above, 
differ fundamentally from chemical 
reactions, and so the fact that an ele¬ 
ment can break up spontaneously in a 
radioactive change, the rate of which 
cannot be altered in any known way,* 
is not contrary to the accepted defi¬ 
nition of an element. 

Separation and Identification 
of Radioelements 

5.29. By the use of various physical 
and chemical methods, the successive 
radioactive products have been sepa¬ 
rated from one another and identified. 
Some of'these processes have already 
been mentioned, such as, for example, 


the precipitation of polonium in the 
form of its sulfide, of radium as the 
sulfate, and of uranium X by means of 
ammonium carbonate. Since most ra¬ 
dioelements are available in very small 
amounts only, the separation is usually 
performed in the presence of an ap¬ 
preciable quantity of a carrier , which 
is a nonradioactive substance having 
somewhat similar chemical properties. 
Thus, bismuth acts as a carrier for 
polonium, barium for radium, iron for 
uranium X, and so on. The carrier can 
usually be separated from the radio¬ 
element if desired, as described earlier 
for polonium and radium. Methods 
involving electrolytic deposition have 
been used to separate radioelements; 
so also has vaporization at high tem¬ 
peratures, which takes advantage of 
the differing volatilities of analogous i 
compounds. 

5.30. The phenomenon of recoil Iia&| 
been utilized in certain cases to sepa¬ 
rate a product from its parent. This] 
depends on the fact that when an I 
alpha particle is expelled with high! 
velocity, the remaining radioactive j 
atom must recoil, in the opposite direc¬ 
tion. The mass of the alpha particle is 
4, compared with about 220 for the 
atom of the radioelement, and so the 
recoil speed of the latter will be 4/220, 
i.e., 1/55, of the velocity of the alpha 
particle. The atom will thus recoil at 
about 3 to 4 X 10 7 cm. per sec. This | 
relatively high speed allows the radio¬ 
active atoms to leave the plate or wire 
on which the parent element was de¬ 
posited, provided the latter is in the 
form of a thin layer. The recoil atoms j 
can be collected on an electrically, 
charged plate or wire a short distance 
away. It may be noted that recoil, in | 
principle, also accompanies the emis- 


* Theie is evidence that, in special circumstances,, u spontaneous nuclear change, known 
as electron capture, which is a kind of a reversed beta activity, is affected by the chemical 
state of the element. The situation is, however, somewhat unusual (8 10.100). 
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pion of a beta particle, but the recoil 
velocity is too small to permit the 
remaining atom to travel any appreci¬ 
able distance. 

5.31. The production of a gaseous 
emanation provides a convenient 
means of separating this radioactive 
species from those which precede it in 
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the disintegration series. The ema¬ 
nation soon breaks down to form the 
solid active deposit which can be col¬ 
lected on a negatively charged wire 
placed in the gas. By heating the wire, 
a partial separation may be achieved 
of the radioelements formed by dis¬ 
integration of the initial deposit. 


RADIOACTIVE CONSTANTS 


Rate of Disintegration 

5.32. One of the most powerful 
methods for the determination and 
Identification of a radioelement after 
separation is to measure the rate of dis¬ 
integration. Because of its significance 
In the development of radioactivity, 
the subject merits some detailed con¬ 
sideration. From the shape of the 
eurves, such as that in Fig. 5.1, rep- 
roHenting the rate of decay of radio¬ 
activity, it appeared to Rutherford 
And Soddy (1902) that the activity 
Whh diminishing in what the mathe- 
miiticians call an exponential (or loga¬ 
rithmic) manner. This would mean 
that the rate of disintegration of an 
Act ivc species, i.e., the number of 
Atoms which disintegrate in a unit 
Int, erval of time, is proportional to the 
total number of atoms of that species 
pl'CHont at that time. Since disinte¬ 
gration is taking place continuously, 
the number of atoms present is chang- 
Inn, and so also is the rate of disinte¬ 
gration. 

5.33. In order to deal with a situ- 
At Ion of this kind it is necessary to 
make use of the methods of simple 
differential and integral calculus. Sup- 
pone that at a given instant there are 
pl'cnent N atoms of a particular radio- 
plement; suppose, further, that in the 
extremely small subsequent time in¬ 


terval dt } the number of atoms which 
disintegrate is dN, so that the rate of 
disintegration is represented by dN/dt . 
It was postulated above that the rate 
of disintegration is proportional to the 
total number of atoms N , so that 


where A is a constant, which Ruther¬ 
ford and Soddy called the radioactive 
constant of the element under consider¬ 
ation.* The negative sign in equation 
(5.1) is necessary because the number 
of atoms of the radioactive element 
decreases with time, and hence the 
rate dN/dt is a negative quantity. 

5.34. The radioactive constant A is 
a definite and specific property of a 
given radioelement. Its value depends 
only on the nature of the species, and 
is independent of its physical condi¬ 
tion or state of chemical combination. 
Within the limits accessible in the 
laboratory, it is also not affected by 
changes of temperature or pressure. 
The radioactive constant is thus a 
means of characterizing a radioele¬ 
ment. 

5.35. Upon rearranging equation 
(5.1) into the form 



* fl in now frequently referred to ti* the dmntrgrntion count ant or the decay constant of 
the riMlioelriTinnt. 
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and carrying out the process of inte¬ 
gration, the result is 

In (N t /Nv) = -X2, (5.2) 

or, in the equivalent exponential form, 
N t = Noe-* 1 , (5.3) 

where A 7 <> is the number of atoms pres¬ 
ent at any arbitrary zero time and Nt 
is the number remaining after the 

lapse of a further time interval t. The 
symbol In is used to represent natural 
logarithms, in accordance with the 

general practice in scientific writings. 
The conversion to ordinary (Briggsian) 
logarithms may be made by intro¬ 
ducing the conversion factor 0.4343, 
so that 

. log (Nt/No) = -0.4343X2, (5.4) 

which may be written as 

f log N t = log No - 0.4343X2. (5.5) 

f 5,36. This expression means that if 
the logarithm of N f , the number of 
atoms present at any time, is plotted 
on a graph against the time, with 
reference to any arbitrary zero, the 
results should fall on a straight line. 
The slope of this line will be equal to 
—0.4343A, and hence it can be used 
to obtain the value of X, the radio¬ 
active constant, for the given radio¬ 
element. The manner in which equa¬ 
tion (5.5) can be employed for this 
purpose will be seen in § 5.51. 

5.37. It may be mentioned here, 
however, that the logarithmic or ex¬ 
ponential equations derived above 
have been found to represent very 
accurately the rates of disintegration 
of single radioelements for which the X 
values differ by a factor of more than 
10 20 . In other words, the equations 
are applicable to species which dis¬ 
integrate extremely rapidly, as well as 
to those which decay very slowly. 


Atomic Energy 

The Mean Life of a 
Radioelement 

5.38. Since dN is the number of 
atoms of the radioelement disintegrat¬ 
ing in time dt, the quantity dN/N 
represents the fraction of the total 
number of atoms present which dis¬ 
integrate in this time. Upon dividing 
hv dt and including a minus sign, the 
result, i.e., -( dN/N)/dt f will conse¬ 
quently he the fraction of the radio¬ 
active atoms present disintegrating in 
unit time. From equation (5.1) it will 
be apparent that this quantity is equal 
to X, so that the radioactive decay 
constant is actually the fraction of the 
total number of atoms of the given 
radioelement disintegrating in unit 
time. 

5.39. The atoms may be regarded 
as having a mean life or average life, 
as suggested by Soddy in 1904; then if | 
the fraction X decaying in unit time is 
multiplied by the average life, theJ 
result should be unity. Hence, the 
reciprocal of the radioactive constant j 
i.e., 1/A, may be taken as representing 
the mean life of the particular radio¬ 
active atoms. The average lives of thel 
natural radioelements vary from 10“ ®j 
second to more than 10 10 years, i.eJ 
10 18 seconds, so that the range is 
enormous. 

5.40. It is opportune at this point to j 
consider the physical significance ofl 
the decay equations. The exponential! 
nature of the disintegration impliel 
that there is a definite probabilityJ 
determined by the constant X, that an™ 
particular atom will disintegrate at 
any given moment. The life of any I 
atom, i.e., the length of time it can 
exist before it disintegrates, may have | 
any value from zero to infinity, and! 
it is impossible to tell in advance when! 
it will disintegrate. However, it if I 
known that a definite fraction A will 
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decay in unit time, although it cannot 
be foretold which particular atoms w T ill 
disintegrate. 

5.41. The situation is analogous to 
that existing among human beings; 
insurance companies cannot foretell 
the fate of any individual, but they 
have established an accurate pattern 
of the average expectation of life 
among persons of different types. In 
the case of a radioelement, the average 
expectation of future life of the atoms 
present at any instant is equal to 1/A, 
where A is the radioactive decay con¬ 
stant of the particular element.* Hu¬ 
man beings do not all die when they 
reach the average age as calculated by 
actuaries, and radioactive atoms be¬ 
have similarly. Radioactive disinte¬ 
gration is thus an atomic process 
taking place at a definite rate, some 
atoms of a given element having a 
short life and others a longer life. The 
statistical average for a very large 
number of atoms, however, gives the 
mean life 1/A, as described above. 

Radioactive Equilibrium 

5.42. In the preceding treatment it 
1 1 as been supposed that the radio- 
element has been separated from its 
parent, so that it is not regenerated as 
it disintegrates. This condition applies 
to Fig. 5.1 for the decay of thorium X, 
and for the analogous case of uranium 
X. If the parent element and its dis¬ 
integration product, or daughter ele¬ 
ment, are present together, a state of 
equilibrium will be attained, when the 
daughter element disintegrates as fast 
UN it is being formed from its parent. 
According to equation (5.1), the rate 
of disintegration of a parent element, 
represented by the subscript 1, is equal 
to A]2Vi, where N\ is the number of 
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atoms of the parent present and Ai is 
its decay constant. If every atom of 
parent produces one atom of the 
daughter element upon disintegration, 
as is undoubtedly the case in ordinary 
radioactive processes, this also repre¬ 
sents the rate of formation of the 
daughter from its parent. Similarly, 
the rate of disintegration of the 
daughter element is given by X 2 N 2 , 
where N 2 is the number of atoms of 
the daughter present and X 2 is its 
decay constant. In the equilibrium 
condition the rate of formation of the 
daughter from its parent will be ex¬ 
actly equal to its own rate of dis¬ 
integration; hence, 

XiATi = X 2 ^ 2 , (o.6) 

where AT and N 2 are here the numbers 
of atoms of parent and daughter, re¬ 
spectively, present at equilibrium. 

5.43. Since the daughter element 
also disintegrates, it is itself the parent 
of a daughter, which may be repre¬ 
sented by the subscript 3, so that when 
equilibrium is attained a relationship 
exactly analogous to equation (5.6) 
will apply, namely, A 2 N 2 = A^Y^. It 
can be seen, therefore, that if there are 
a number of successive disintegrations, 
the general condition for radioactive 
equilibrium is given by 

\ l N l = X 2 A r 2 = AsA^s = X 4 X 4 = * * * 1 (5.7) 

where N u N 2 , iV 3 , etc., are the numbers 
of atoms of the radioactive species 1, 
2 P 3, etc., present at equilibrium, and 
A 1? A 2 , A: { , etc,, are their respective 
decay constants. Consequently, for 
any two members A and B of a radio¬ 
active series, irrespective of whether 
they are parent and daughter, or 
whether they are separated by several 


* Radioactive atoms differ from human beings in a highly important respect. At any m- 
Ulniil, the moan expectation of life for 11 given rudioolemont is independent ot the time 
elii|iNrd since the formation from it n parent, 
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generations, it is evident that A a Y a = 
AbYb, so that 

= — = constant. (5.8) 
Nb Xa 

Since A a and A B are both constants the 
quantity Ar/A a is also a constant, and 
hence the ratio of the amounts of any 
two members of a disintegration series 
will be constant in the condition of 
radioactive equilibrium. 

5.44. The results just derived have 
some interesting and useful appli¬ 
cations. In 1903, Rutherford and 
Soddy made the suggestion that ra¬ 
dium was itself a disintegration prod¬ 
uct of another element, and in 1904 
Rutherford indicated that, since ra¬ 
dium was always found in uranium 
minerals, it might be a descendant of 
uranium. He stated that, if this were 
so, the ratio of uranium to radium in 
these minerals should be constant, as 
required by equation (5.8). Shortly 
thereafter, B. B. Boltwood, of Yale 
University, H. N. McCoy, of the Uni¬ 
versity of Chicago,* and R. J. Strutt 
(see §2.105), independently, reported 
that this was in fact the case, so that 
radium and uranium were proved to be 
members of the same disintegration 
series. As far as is known, all uranium 
minerals contain 1 part of radium to 
2.8 million parts of uranium. 

5.45. If uranium is an ancestor (or 
precursor) of radium, then, upon keep¬ 
ing a pure specimen of uranium for 
some time, radium should gradually 
accumulate. An attempt to test this 
possibility was made by Soddy in 1905, 
but the results were unsatisfactory 
because of an impurity in the uranium. 
However, in 1907, Boltwood showed 
that an element, which he called 
ionium, that decayed very slowly, lay 
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between uranium and radium. Conse¬ 
quently it would take many years to 
produce a detectable amount of the 
latter from the former, unless very 
large quantities were used. 

The Half Life of a 
Radioelement 

5.46. As an alternative to the radio¬ 
active decay constant, another con¬ 
stant, introduced by Rutherford in 
1904, called the half life y is commonly 
employed as a characteristic property 
of a radioelement. The half life is the 
time required for the radioactivity of 
a given amount of the element to 
decay to half its initial value. This 
time, represented by the symbol T, can 
be readily evaluated from equation 
(5.4) in the following manner. After 
the lapse of time T, the number of 
radioactive atoms N t will be half the 
initial number N 0 , so that N t /N 0 is 
Upon inserting this value for N t /N 0 in 
equation (5.4), and replacing t by the 
half life T , it is seen that 

log La = -0.4343AT 
or 

log 2 = 0.4343A2 7 . 

Since log 2 is 0.3010, it follows that 

T = (5.9) 

X 

and consequently if the decay constant 
A is known, the half life of the radios 
element, which is equally definite and 
specific, can be calculated very simply. 

5.47. The fact that radioactive ele¬ 
ments disintegrate in an exponential 
manner has some curious consequences. 
Suppose, for the sake of illustration, 
that a particular radioelement has a 
half life T of 1 hour. Starting, for ex- 
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*B. B. Boltwood and H. N. McCoy pioneered the study of radioactivity in the United 
States. McCoy’s active interest in this field extended from 1903 up to the wartime atomic 
energy project in 1942. 
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ample, with 1 gram of the element, one 
half, i.e., 0.5 gram, will have disinte¬ 
grated by the end of 1 hour, so that 0.5 
gram remains. During the next hour 
one half of this amount, i.e., 0.25 gram, 
will disintegrate, leaving 0.25 gram. 
By the end of the third hour, another 
0.125 gram will have decayed, and so 
on. In each successive hour the actual 
amount which disintegrates is less than 
in the preceding hour, although it is 
always the same fraction of the amount 
present at the beginning at that par¬ 
ticular hour (Fig. 5.2). In general, 



IVj . 5.2. Radioactive decay, illustrating 
the principle of the half life. 

Nince the activity is reduced to one 
liafl' of its initial value in the time T, 
Hu* fraction remaining after n such 
intervals, i.e., after time nl\ will be 
( r L | ) w - Although this fraction may be¬ 
come very small, it can, theoretically, 
never fall to zero.* However, after ten 
times the half life the activity has 
fallen to (i/ 2 ) 10 , which is about 0.001, 
nr 0.1 per cent, of the original amount, 
no that the remaining activity is negli¬ 
gible in comparison with the initial 
Value. 

5.48. By combining equation (5.8) 
With (5.9) so as to eliminate the A’s, it 
I* found that in the state of radio- 
ftp! ivc equilibrium 
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-Na r A 

= jr = constant. (5.10) 

Hence, if the ratio of the equilibrium 
amounts of two elements in a par¬ 
ticular series can be determined, and 
the half life of one of them is known, 
the half life of the other can he calcu¬ 
lated. It will be shown below (§ 5.51) 
that, for elements which disintegrate 
moderately rapidly, the half lives can 
be found by direct observation of the 
rate of decay; but when the disinte¬ 
gration is very slow, and the half lives 
are very long, direct measurements 
are not too accurate. In cases of this 
kind use may be made of equation 

(5.10) . For example, uranium min¬ 
erals, most of which are old enough 
for radioactive equilibrium to have 
been established, contain 1 atom of 
radium to every 2.8 X 10 e atoms of 
uranium, so that if the latter is taken 
to represent A and the former B, the 
value of N a /Nb at equilibrium is 2.8 
X 10 6 . The half life T B of radium is 
known from direct measurements to 
be 1620 years, so that the half life 
Ta of uranium is given by equation 

(5.10) as 

Ta = ^T b = 2.8 x 10 6 x 1620 

iVB 

= 4.5 X 10 9 years. 

This is the accepted value for the half 
life of the common form of uranium. 

5.49. In view of the fact that radio¬ 
elements are undergoing continuous 
disintegration, it may be wondered 
that any of these species still exist. 
The explanation is that each natural 
radioactive series has a precursor of 
very long half life. As seen from the 
calculation made above, the half life 


♦Hineo the law of mdionntivn decay is a statistical law, it may well break down when the 
hi nher of atoms (or nuclei) is small. Hence, this statement, based on equation (5.3), may 
hoi lie correct in actual practice. J 
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of uranium is 4.5 billion years, which 
is sjbout the same as the estimated age 
of the earth. This means that roughly 
half of the uranium present when the 
earth was formed still survives. 
Hence, as the various radioactive 
products decay, they are replaced by 
the disintegration of their parents, the 
supply being maintained by the vast 
reserve of uranium. It is of interest to 
note that only three series of radio¬ 
elements exist in nature, namely, the 
uranium, thorium and actinium series 
(§ 5.56), although four should be pos¬ 
sible. It will be seen later (§ 5.65) 
that the longest-lived member of the 
fourth series has a half life of about 
2 million years, so that in the time 
which has elapsed since the earth was 
formed it has decayed almost com¬ 
pletely. 

Determination of the Decay 
Constants and Half Lives 

5^.50. As already implied, the deter¬ 
mination of the radioactive decay 
constant, and consequently of the half 
life ? is one of the most significant 
measurements made with a radioele¬ 
ment. The methods employed depend 
on the assumption, which is in com¬ 
plete accord with all the known facts, 
that each radioactive atom of a given 
species expels from its nucleus either 
one alpha or one beta particle upon 
disintegration.* As a result the num¬ 
ber of atoms disintegrating in a given 
time, and hence the rate of disintegra¬ 
tion, could be evaluated by counting 
the number of alpha or beta particles 
emitted. The counting of such parti¬ 
cles is an extremely important aspect 
of radioactive studies, and several in¬ 
struments have been devised for the 
purpose. These will be described in 
Chapter VI. In the meantime, some 
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indication will be given of the meth¬ 
ods of calculation usually employed. 

5.51. For half lives that are neither 
too long nor too short, say of the order 
of a fraction of a second to several 
months, use may be made of equation 
(5.5). The rate at which particles are 
emitted in a small time interval may 
be taken as proportional to the num¬ 
ber N of active atoms remaining at 
that instant, in accordance with equa¬ 
tion (5.1). If this rate, which can 
usually be determined by automatic 
counting instruments, measuerd after 
time is represented by I t , then 
equation (5.5) may be written as 

log I t = log h - 0.4343XJ, (5.11) 

where 7 0 , which does not need to be 
known, is the disintegration rate at 
the arbitrary zero time. By plotting 
several values of the logarithm of I t , 
determined after various time inter¬ 
vals t 7 against the time, as in Fig. 5.3, 



Fig. 5.3. Graphical determination of ra¬ 
dioactive constants. 

a straight line will result. From the 
slope of this line it is a simple matter 
to calculate the decay constant A and 
the half life T. In the particular case 
shown, for example, the slope is 
—0.0517, with the time expressed in 
minutes; hence A, which is equal to the 


* When the phenomenon known as “internal conversion” of gamma radiation occur® 
(§7,106), an orbital electron is expelled in addition. 
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slope divided by -0.4343, is 0.119 re¬ 
ciprocal minutes, and the half life, by 
equation (5,9), is 5.82 minutes. The 
average life, i.e., 1 /a, is 8.40 minutes. 

5.52. If the radioactive substance is 
not pure, but consists of two or more 
elements with different half lives, the 
I’tot of log I, against t is not a straight 
hue, hut rather a combination of such 
lines, with different slopes, merging 
into one another and forming a curve, 
Hy analyzing this curve it is fre¬ 
quently possible to determine the A’s 
Ini' all the radioelements present. If 
two of these species should have very 
closely similar half lives, then such an 
analysis is not possible. Another cir¬ 
cumstance which can arise is that the 
disintegration product of an element 
iruiy contribute some activity, and 
thus confuse the results. In this event, 
the decay constant of the parent can 
he obtained from measurements made 
III the early stages, before perceptible 
amounts of the daughter element have 
accumulated. By the use of mathe¬ 
matical methods, it is possible to 
F nve the decay constants of both 
parent and daughter. 

5.53. When the radioelement has a 
moderately long life, the procedure 
described above is not satisfactory, 

In'cause the values of /, change very 
»luw!y with time, and it might be 
necessary to continue the measure- 
"a'lils over several years to obtain 
"UJlicient data to make a plot such as 

I iaf in Fig. 5.3. In cases of this kind, 
tlliNoiute measurements must he made. 

In t.lie preceding method, it is not 
necessary to know how much material 

II >n the experiment, or the ac- 
I UN I disintegration rate; all that is 
leiinitvd is that the same sample re- 
nmin in the same position relative to 
Hu' runnier while the mourn] remen 
mv ll(l to« mwle. In the absolute 

tile actual total number of 
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particles emitted hi a given time from 
a definite weight of the radioelement 
must be known. Such measurements 
are possible, although not very sim¬ 
ple, and they have been made in a 
number of cases. 

5.54, If A N is the numberof atoms 
disintegrating, i.e,, the measured num¬ 
ber of alpha or beta particles emitted 
in a definite time interval At t say an 
hour or a day, which is appreciable 
although short in comparison with the 
half life of the radioelement, then the 
ratio AN/At may be taken as a good 
approximation to the instantaneous 
rate of disintegration dN/dt It fol¬ 
lows, therefore, from equation (5.1) 
that 

x = (5.12) 

N ’ 

The radioactive decay constant can 

thus he evaluated by dividing the 

measured quantity AN/At by the ac¬ 
tual number N of atoms of the radio- 
I element present in the sample used 
for the experiments. This number can 
he determined, of course, from the 
known weight of the element in the 
sample, its atomic weight, and the 
Avogadro number, as described in 
§ 1.63. 

5.55. For radioelements of ex¬ 
tremely short or extremely long lives, 
accurate measurements of the decay 
rates are difficult to make. In some 
cases the half life may be derived 
from the ratio of the amounts of two 
elements present in radioactive equi- 
libnum, as described earlier in con¬ 
nection with radium and uranium 
o.48l. In other instances use may 
Ijc made of certain equations relating 
the radioactive decay constant, or the 
half lilo, to the energy of the particles 
emitted by the particular element. 
These relationships, which wifi he 
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given later (§§ 7.23, 7.78), are not 
exaot, but they are sometimes useful, 
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especially for disintegrations in which 
alpha particles are produced. 


THE RADIOACTIVE SERIES 


Radioactive Disintegration 
Series 

5.56. As stated earlier, some forty 
species with different radioactive 
properties have been identified as oc¬ 
curring in nature. By making physical 
or chemical separations when possi¬ 
ble, as described in § 5.29, by studying 
radioactive decay and growth curves, 
by determining the specific properties 
of the emitted radiations, and in other 
ways, it has been found that the nat¬ 
urally occurring radioelements of high 
atomic weight, at the end of the peri¬ 
odic system, fall into three distinct 
series. These are known as the tho¬ 
rium series , the uranium series , and 
the actinium series , respectively. In 
the first two cases, the series are 
nanted after the longest-lived precur¬ 
sors, thorium and uranium, with half 
lives of 1.39 X 10 10 and 4.51 X 10 9 
years, respectively. The parents of 
these elements undoubtedly had 
shorter lives, and consequently no 
longer exist in any detectable amounts. 
The parent of the actinium series is 
not, as was originally supposed, the 
element actinium, the first member of 
the series to be discovered, but rather 
a much longer lived element, some¬ 
times referred to as actinouranium,* 
with a half life of 7.1 X 10 8 years. 

5.57. Since an alpha particle is iden¬ 
tical with a helium nucleus (§ 4.30), it 
has a mass, on the atomic weight 
scale, of 4, to the nearest integer. Con¬ 
sequently, it Is evident that in any 
disintegration stage in which an alpha 
particle is emitted, the atomic weight 
of the daughter element must be four 

* This is another name for uranium-235, 
energy (Chapter XIV). 


units less than that of the parent. On 
the other hand, a beta particle is an 
electron, the mass of which is negligi¬ 
ble on the atomic weight scale. Hence, 
when there is a disintegration accom¬ 
panied by the emission of a beta par¬ 
ticle, the parent and daughter ele¬ 
ments have virtually the same atomic 
weights. From actual determinations 
in certain cases, such as uranium, 
thorium, radium, etc., and by allowing 
for the change accompanying alpha 
decay, the atomic weights of all the 
known naturally occurring radioele¬ 
ments can be inferred. 

5.58. In the accompanying tables 
there are recorded details of the tho¬ 
rium, uranium and actinium series, 
including the nature of the radiations, 
and the half lives of the respective 
members. In addition to the somewhat 
unsystematic names given to the vari 
ous elements as they were discovered, 
but now becoming obsolete, each is 
associated in the table with the name 
of a familiar element; for example, 
thorium B, uranium B and actinium B 
with lead; thorium C, radium C and 
actinium C with bismuth; and so on. 
The reason for this correspondence 
and its significance will be explained 
in Chapter VIII. 

5.59. The number given as a super¬ 
script to the symbol of each element is 
the atomic weight or, more correctly, 
the mass number (§4.36) of the ra¬ 
dioactive species. It will be evident in 
due course that the combined symbol, 
given in the third column, is more 
systematic and more informative than 
the older mode of representation. 

the key material for the utilization of atuuiifl 
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which occurs 
nnce, at least, in each series. Certain 
elements, such as thorium C, disinte¬ 
grate m two ways, but with the same 
hall life; one mode is accompanied by 
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tue other by a beta particle. The two 
typos of disintegration always occur 
Jn a definite proportion in any given 
ease; thus 33.7 per cent of the thorium 
C atoms give off alpha particles to 


Radioelem,ent 

Uranium I 

i 

Uranium X l 

A 

Uranium X 2 * 

A 

Uranium II 

. A 

Tonium 

.A 

Radium 

A 

IU Emanation 

l 

I indium A 
W.9 8% I 0-0 2% 

A 

limlfum B 

I Astatine-218 


I indium C 
W.P 6% | 0. 04% 

A 

liudium C' 


Radium C 


I tin Hum D 

.A 

(indium E 

| 2 X 10~ 4 % 
i — 
(indium F 

Thalllum-20i 


(indium Q 
(Mnd Product) 



Correspondim 

Element 

1 

Symbol 

Radiatio% 

* Half Life 


Uranium 

U 238 

a 

4.51 X 10® yr. 


Thorium 

Th 234 

P 

24.1 days 


Protactiniun 

l Pa 234 

0 

1.18 min. 


Uranium 

U 234 

a 

2.48 X 10 B yr. 


Thorium 

Th 230 

a. 

8.0 X 10 4 yr. 


Radium 

Ra 22 « 

a 

1.62 X 10 8 yr. 


Radon 

Rn 222 

a 

3.82 days 


Polonium 

1 Po 218 

j a and 0 

3.05 min. 


Lead 

: Pb 214 

0 

26.8 min. 


Astatine 

At 218 

a 

1 2 sec. 


Bismuth 

Bi 2H 

0 and a 

19.7 min. 


Polonium 

Po 214 

ct 

1.6 X 10~ 4 sec. 


Thallium 

Tl 2 io j 

0 

1.32 min. 

! 

Lead 1 

Pb 210 

0 

19.4 yr. 


Bismuth 

Bi 210 

0 and a 

5.0 days 


Polonium 

Po 21 ° , 

a 

138.4 days 

1 

Thallium 

Tpw 

0 

4.20 min. 


Lead 

■Ml,_ L 

Pb" 

Stable 

— 


,f miffing 0 radiation and forming uranium II ((rmq 
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forpi thorium C', while the other 66.3 
per cent emit beta particles and be¬ 
come converted into atoms of thorium 
C", It will be noted that, upon subse¬ 
quent disintegration, both thorium C' 
and C" yield the same product, 
namely, thorium D. The fact that the 
same type of behavior occurs in all 
three radioactive series must have 
some fundamental significance, which 
is not yet apparent. 

5.61. It may be mentioned here, for 
the sake of completeness, that each of 
the natural radioactive series has a 
number of “collateral” members. 
These have been made artificially 
(§ 16.94), and do not exist in nature. 

: The Neptunium Series 

5.62. The atomic weight of thorium 
is 232, to the nearest whole number, 
and this is 4 X 58. Since an alpha- 


Cha V . T 7 

particle disintegration results in a de¬ 
crease of 4 in the atomic weight, 
whereas there is no appreciable 
change accompanying beta-particle 
emission, it is evident that the atomic 
weights of all members of the thorium 
series may be represented by 4 n y 
where n is an integer varying from 58 
(thorium) to 52 (thorium D). In ex¬ 
actly the same way, it can be readily 
seen that all atomic weights in the 
uranium series are given by the ex¬ 
pression 4 n + 2, and those in the ac¬ 
tinium series by 4 n + 3. It will be 
noted that there is no natural radio¬ 
active series of elements whose atomic 
weights are represented by 4n + 1. 
The possibility that such a series 
might some day be discovered was 
suggested by the English chemist A. S. 
Russell in 1923, who even went so far 
as to put forward a decay scheme for 
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\ 

Radioelement 

Corresponding 

Element 

Symbol 

Radiation 

Half Life 

Thorium 

' i 

Mesothorium I 

. i . . 

Mesothorium II 

.i 

Radiothorium 

i 

Thorium X 

i 

Th Emanation 

i 

Thorium A 

i 

Thorium B 

i 

Thorium C 
66.3% | 33.7°/ 

i 

Thorium C' 


Thorium 

Th 282 

ot 

1.39 X 10 10 yr., 


Radium 

Ra 228 

0 

6.7 vr. 


Actinium 

Ac 228 

0 

6.13 hr. 


Thorium 

Th 228 

CL 

1.91 yr. 


Radium 

Ra 224 

CL 

3.64 days 


Radon 

Rn 220 

Ot 

52 sec. 


Polonium 

Po 21fi 

CL 

0.16 sec. 


Lead 

Pb 212 

0 

10.6 hr. 

i 

Bismuth 

Bi 212 

0 and a. 

60.5 min. 


Polonium 

Po 212 

Of 

3 X 10" 7 sec. 

Thorn 

! 

imC" 

Thallium 

^1208 

0 

3.1 min. 

1 

Thorium B 
(End Product) 

Lead 

Pb»l 

8 table 

— 
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the series. A somewhat different 
Hcheme was predicted in 1940 by the 
physicist L. A. Turner, in the United 
States, and this has proved to be re¬ 
markably accurate. 

5.63. Although it is extremely im¬ 
probable, for reasons which will soon 
be apparent, that the 4n + 1 series of 
radioactive elements will be found in 
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nature, the missing series has actually 
been obtained artificially in the labo¬ 
ratory. The production of these ele¬ 
ments and the elucidation of the ra¬ 
dioactive decay scheme represent one 
of the more noteworthy achievements 
of the wartime atomic energy proj¬ 
ect. ^ 1 he methods used for making 
the elements which do not occur nat- 
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Radioelement 


Actinouranium 

1 

Uranium Y 

i 

Protactinium 

' . i 

Actinium 
1)8.8% | 1 . 2 % 

i —' 

Itwlioactinium 

v 

Actinium K 


J. 

Actinium X 
1 . 

Ac Emanation 

J. 

Actinium A 

~KM)% | ~5 X 10-“% 

1 . ~ " 

Actinium B 

Astatine-215 

" i ^ 

Actinium U 
IMt.7% | 0.3% 

Actinium C y 
Actinium C" 


"~r 

Actinium D 
(I find Product) 


Corresponding 

Element 

Symbol 

Radiation 

Half Life 

Uranium 

U 236 

CL 

7.13 X 10 s yr. 

Thorium 

Th 231 

0 

25.6 hr. 

Protactinium 

Pa 231 

CL 

3.43 X 10 4 yr. 

Actinium 

Ac 227 

0 and cl 

21.8 yr. 

Thorium 

Th 227 

a 

18.4 days 

Francium 

F r 223 

0 

21 min. 

Radium 

Ra 223 

at 

11.7 days 

Radon 

Rn 219 

a 

3.92 sec. 

Polonium 

Po 216 

a and 0 

1.83 X 10“ 3 sec. 

Lead 

Pb 2U 

0 

36.1 min. 

Astatine 

At 216 

a 

~10~ 4 sec. 

Bismuth 

Bi atl 

cl and 0 

2.16 min. 

Polonium 

p 0 2U 

CL 

0.52 sec. 

Thallium 

rpj207 

0 

4.78 min. 

Lead 

J 

Pb 207 

Stable 

— 


t , " th “ w,,ro »t Berkeley, Calif, (see 

V uT 'T,n lldlU(i to the United HUIes by F. Hagemann, 

T ■' ( !* ; Ml , ' 1, .. A , IL,I<1 li T and ill Canada by A, C. English, 

1 B ‘ 0nw «* w < P Own** J- A. Harvey; K. I*. HI,irks, J, V, ... a.i.i A. N. May. 


































































136 

urajly will be described in Chapter 
XVI, and for the present it will be 
sufficient to tabulate the results. The 
name neptunium series has been pro¬ 
posed for this series of elements whose 
atotnic weights are represented by the 
formula An + 1, because neptunium is 
the member having the longest life. 

5.64. Like the naturally occurring 
radioactive series, the neptunium se¬ 
ries exhibits branched disintegration 
near the end, but it differs in the re¬ 
spect that it contains no gaseous ema¬ 
nation.* Further, the stable end prod¬ 
uct of the neptunium series is ordinary 


Chap . V 

bismuth of atomic weight 209, whereas 
in the thorium, uranium and actinium 
series the nonradioactive end products 
are all forms of the element lead. 

5.65. The half life of neptunium 
(Np 237 ), the longest lived member of 
the An -1- 1 series, is seen to be 2.20 
X 10 6 years. Assuming, as is very 
probable, that this element existed 
when the earth was first formed, about 
4.5 X 10 9 years ago, then the propor¬ 
tion now remaining can be calculated 
by means of equation (5.4), using 
equation (5.9) to relate the decay 
constant k to the known half life. In 


Sourcebook on Atomic Energy 


The Neptunium Series 


Element 

Symbol 

Radiation 

Half Life 

Plutonium 

; 


p u 241 

0 

13.2 yr. 

Americium 

i . 


Am 241 

a 

462 yr. 

Neptunium 

ii,. 


Np 237 

a. 

2.20 X 10 fl yr. 

Protactinium 

Uranium 

i 


p a 2M 

0 

27.4 days 


JJ283 

a 

1.62 X 10 6 yr. 

Thorium 

i 


F J'Jj229 

<x 

7.34 X 10 3 yr. 

Radium 

: i 


Ra 226 

0 

14.8 days 

Actinium 

i 


Ac 226 

a 

10.0 days 

Francium 

1 


Fr 221 

a 

4.8 min. 

Astatine 

i 


At 217 

a 

1.8 X 10" 2 sec. 

Bismuth 

98% | 2% 

i 


Bi 218 

& and a 

47 min. 

Polonium 


Po 218 

a 

4.2 X 10 -6 sec* 

Thalli 

i 

um 

1 

'FpOD 

0 

2.2 min. 

Lead 

i 


Pb 209 

0 

3.32 hr. 

Bismuth 
(End Product) 


Bi*» 

Stable 



* A collateral branch of the neptunium series does contain an emanation (Rn aiT ) as a mem¬ 
ber (§ 16.100). 


Natural Radioactivity 


this manner it is found that unless 
Np 237 has a long-lived, but hitherto 
unknown, precursor, the amounts still 
present in nature must be so infinitesi¬ 
mally small as to be beyond the possi¬ 
bility of detection.* The existence of a 
precursor of higher atomic weight and 
much longer life is highly improbable, 
and hence it can be readily understood 
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why the elements of the neptunium 
(An + 1) series do not occur naturally. 
Even if they did exist at one time, as 
they may well have done, all the mem¬ 
bers of this series have long since 
decayed virtually to completion, the 
final product being the nonradioactive 
element, bismuth. 


”»* Probably 



















Measurement of Nuclear Radiations 

Chapter VI 


MEASUREMENT OF RADIATION BY IONIZATION 


Specific Ionization 

6.1. Some of the most useful proce¬ 
dures for the detection and measure¬ 
ment of alpha and beta particles, and 
also of gamma-ray photons, are based 
on Becquerel’s discovery (§ 2.100) that 
gases become electrical conductors, 
thajt is to say, they are ionized, as the 
result of exposure to radiations from 
radioactive substances. As seen in 
§ 5.3, this fact was utilized by Mad¬ 
ame Curie in her comparison of the 
radioactivities of various materials 
containing uranium. The fundamental 
principles were investigated in J. J. 
Thomson’s laboratory in Cambridge, 
England, by J. S. Townsend in the 
closing years of the nineteenth cen¬ 
tury, but it is only in relatively recent 
times that they have been utilized in 
a wide variety of counters and detec¬ 
tors of radiations. It will be apparent 
in due course that radioactive radia¬ 
tions originate in the respective atomic 
nuclei and so they are referred to as 
nuclear radiations. They are also 
called ionizing radiations because they 
are capable of causing ionization, 
either directly or indirectly. 


6.2. Since there is a strong electric 
field in its immediate neighborhood, a 
rapidly moving charged particle, such 
as an alpha or beta particle,* has the 
ability to eject orbital electrons from 
the atoms or molecules of a gas 
through which it passes, thus convert¬ 
ing them into positive ions. The ex¬ 
pelled electrons usually remain free 
for some time, although a few may 
attach themselves to other atoms or 
molecules to form negative ions. Thus, 
the passage of a charged particle 
through a gas results in the formation 
of a number of ion-pairs (§4.31). 

6.3. The intensity of the ionization 
produced by a moving charged par¬ 
ticle in its path through a gas is ex¬ 
pressed by the specific ionization; this 
is the number of ion-pairs formed per 
centimeter of path. For particles of 
the same mass the specific ionization 
increases with the magnitude of the 
charge, and for particles of the same 
energy it increases with the mass, that 
is, with decreasing speed. The more 
slowly moving particle spends more 
time in the vicinity of an atom or 
molecule of the gas through which it 


* The term beta particle includes bolh positive and negative electrons, 
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passes, and so the chances of ioniza¬ 
tion occurring are thereby increased. 

6.4. Alpha particles from radioac¬ 
tive sources produce 50,000 to 100,000 
ion-pairs per cm. of ordinary air, while 
beta particles of similar energy, hav¬ 
ing a higher speed and smaller charge, 
would leave no more than a few hun¬ 
dred ion-pairs per cm. However, since 
the total path of the beta particle 
would be of the order of a hundred 
times that of the alpha particle, the 
difference in total ionization would 
not be very great. Actually, the total 
number of ion-pairs produced by a 
charged particle is determined largely 
by its energy, since an approximately 
constant amount is lost for each ion- 
pair formed. For air at standard tem¬ 
perature and pressure the formation 
of a single ion-pair requires the ex¬ 
penditure of about 33.5 electron volts 
(§3.33) of energy by the moving 
charged particle. 

6.5. Gamma rays and similar elec¬ 
tromagnetic radiations, e.g., X-rays, 
are also capable of ionizing gases. 
They do so indirectly, however, by 
ejecting electrons with appreciable ve¬ 
locity from atoms or molecules present 
in the gas or in other substances sub¬ 
jected to the radiations. It is these 
rapidly moving, secondary electrons 
which produce ion-pairs in their paths. 
The specific ionization of the gamma 
radiation thus depends on the energy 
of the expelled electron. 

Behavior of Ion-Pairs in 
Electric Fields 

6.6. Quantitative measurements of 
nuclear radiations arc based on the 
counting of individual particles, as 
well as on the determination of the 
total radiation received in a given in¬ 
terval of time. For these purposes, 

* Cosmic rays (Chapter XVIII) and other 
llm effect of which i* neglected hero, 


instruments have been developed in 
which the positive and negative ions 
formed by the ionizing radiations arc 
driven toward the collecting electrodes 
by means of an applied potential un¬ 
der various conditions. In order to 
understand the behavior of the ions 
in these circumstances, it is conven¬ 
ient to consider an apparatus consist¬ 
ing of a vessel, containing a gas, air for 
example, in which are fixed two paral¬ 
lel metal plates to act as electrodes, as 
shown at A in Fig. 6.1. The electrodes 



Fig. 6.1. Diagrammatic representation of 
apparatus used to study behavior of ion- 
pairs. 

are connected to a battery B } so that 
the voltage can be increased steadily 
from zero to high values, and also to 
an instrument C capable of measuring 
electric current. 

6.7. Normally, the air in the vessel 
does not conduct electricity,* and no 
current will be observed in the instru¬ 
ment C until the voltage becomes high 
enough—several thousand volts—to 
permit a spark to pass between the 
electrodes. Suppose now a single alpha 
or beta particle, or, in fact, any ioniz¬ 
ing radiation, is permitted to enter the 
vessel A } while a small potential is 
applied to the plates by the battery B . 
A number of ion-pairs will be pro¬ 
duced, and the applied potential will 
cause the positive ions to travel to¬ 
ward one electrode, while the negative 

rxIriincotiM radintionH chump some ionixntinn 
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ions (or electrons) move toward the 
other electrode. As a result, charges 
will collect on the electrodes, and the 
instrument C will indicate a pulse of 
current. 

6.8. The magnitude of the charge 
collected and, hence, the size of the 
current pulse will depend on two fac¬ 
tors in particular. These are (1) the 
number of initial (or primary) ion- 
pairs produced between the electrodes 
by the ionizing particles or radiation 
and (2) the applied voltage. The gen¬ 
eral nature of the results is indicated 
in Fig. 6.2, in which the pulse size, for 



Fig. 6.2. Variation with applied voltage 
of pulse size due to an ionizing particle. 


a given number of ion-pairs, is shown 
on a logarithmic scale as a function of 
the applied voltage. Curve B refers to 
a case in which the radiation produces 


Atomic Energy Chap. VI 

10 primary ion-pairs (log 10 = 1) and 
curve A to one in which 1000 ion-pairs 
(log 1000 = 3) are formed. 

6.9. An examination of Fig. 6.2 
shows that the curve can be divided 
into six more or less distinct regions, 
marked I to VI. Three of these re¬ 
gions, namely II, III and V, are made 
use of in various types of instruments 
for the measurement of radioactivity. 
In region I the size of the electrical 
pulse produced by a single alpha or 
beta particle increases with the ap¬ 
plied voltage, but it attains a constant 
value in region II. In region III, the 
pulse size commences to increase again 
with increasing voltage, and this be¬ 
havior continues through regions IV, 
V and VI. It will be noted that in re¬ 
gions II and III there is a constant 
vertical separation, equal to two loga¬ 
rithm units, between curves A and B. 
This means that the pulse size in both 
regions is proportional (or equal) to 
the number of initial ion-pairs; in re¬ 
gion II the pulse size is independent of 
the voltage, but in region III it in¬ 
creases with the voltage. In region V, 
the curves A and B coincide, so that 
the pulse size, for a given voltage, is 
the same regardless of the number of 
ion-pairs initially produced between 
the electrodes. The explanation of the 
foregoing facts and their application 
to the measurement of nuclear radi¬ 
ations are given below. 


IONIZATION INSTRUMENTS 


The Ionization Chamber 

6.10. When the applied potential is 
small, the ions move slowly toward 
the respective electrodes, with the re¬ 
sult that there will be ample time for 
many of the oppositely charged spe¬ 
cies to recombine, i.e., to meet and 
neutralize one another. The size of the 
pulse registered will consequently be 


less than if all the ion-pairs originally 
formed succeeded in reaching the elec¬ 
trodes. As the voltage between the 
plates is increased, the ions travel 
faster, so that the number of recom¬ 
binations is diminished and the pulse 
size is increased. Ultimately a point is 
reached, at the beginning of region II, 
when the ions move to the electrode so 
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rapidly that virtually every ion pro¬ 
duced by the alpha or beta particle 
reaches the electrodes. Since a further 
increase in the potential cannot cause 
any increase in the number of ion- 
pairs, the pulse size remains un¬ 
changed throughout region II. The ac¬ 
tual voltage range over which the 
pulse size is constant depends on 
many factors, such as the nature and 
pressure of the gas, the spacing and 
shape of the electrodes, and so on, but 
it is roughly between 100 and 500 
volts. 

6.11. The conditions existing in re¬ 
gion II are those which are employed 
in the ionization changer method for 
the measurement of alpha and beta 
particles and also of gamma and 
X-rays. It can also be adapted for 
use with neutrons (§ 11.28). Simple 
forms of the ionization chamber 
method were employed by Madame 
Uurie (1898) and by Rutherford 
(1900) in some of the earliest quanti¬ 
tative studies of radioactivity (Chap¬ 
ter V). The chamber itself is made of 
metal, and the electrodes, which are 
insulated from the walls, inav be par¬ 
allel (Fig. 6.1). Alternatively, a cylin¬ 
drical chamber, the walls of which act 
as one electrode, may be used together 
with a thin metal rod or wire as the 
other electrode. The nature of the gas 
in the chamber depends on the partic¬ 
ular purpose intended for the instru¬ 
ment; it may be air, carbon dioxide, 
nitrogen, argon or methane, among 
others. The battery voltage is ad- 
j 11 h ted so that the conditions corre¬ 
spond approximately to the middle of 
region II; a small change in the volt- 
yge will then not affect the pulse size. 
TImn represents one of the advantages 
nl operating a radiation detector in 
Hie ionization chamber region II. 


6.12. Ionization chamber instru¬ 
ments fall into two broad categories: 
the nonintegrating (or pulse counting) 
type, in which each particle capable 
of causing ionization is recorded sep¬ 
arately, and the integrating type, in 
which the pulses are not separated 
w'ith the result that there is a contin¬ 
uous accumulation of charge leading, 
according to circumstances, to either 
a steady decrease in the potential dif¬ 
ference between the electrodes or to a 
relatively steady flow of current. The 
basic difference between the two types 
of instrument lies in the value of the 
time constant* (or response time) of 
the system relative to the frequency 
of arrival of the ionizing particles. If 
the time constant is short, each pulse 
produced by an ionizing particle can 
be detected separately and counted. 
The requirement of a pulse-counting 
ionization chamber is, therefore, a de¬ 
tecting circuit with a very short time 
constant. On the other hand, a cham¬ 
ber of the integrating type must have 
a relatively long response time. 

6.13. A simplified schematic ar¬ 
rangement of an ionization-chamber 
circuit is shown in Fig. 6.3. The cen- 


IONIZATION 

CHAMBER 



Fig, 6.3, Simplified circuit for ionization 
chamber particle counter. 

tral electrode is connected to a suit¬ 
able vacuum-tube (linear) amplifier, 
so that the pulses are amplified and 
modified before going to a counting 
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instrument, as described below. In 
principle, a pulse counter of this type 
could be used for any ionizing parti¬ 
cles. or radiation, but it lends itself 
particularly to the counting of alpha 
J particles and protons (and neutrons). 
In the ionization-chamber region II 
(Fig. 6.2), the amount of charge col¬ 
lected on the electrodes, which deter¬ 
mines the pulse size, is equal to the 
total charge on the ion-pairs produced 
by the entering particle. Thus, the 
pulse size depends on the product of 
the specific ionization, i.e., number of 
ion-pairs per unit distance, and the 
distance between the electrodes. Since 
alpha particles (and protons) have a 
high specific ionization and a short 
range, they will produce significant 
pulses even in a small chamber. Be¬ 
cause of the low specific ionization, 
counting of pulses due to beta parti¬ 
cles and gamma rays, however, would 
require chambers of large size, as well 
as qonsiderable external amplification. 

6il4. The method described above 
is thus especially useful for counting 
alpha particles in the presence of beta 
and gamma radiations. For this pur¬ 
pose, a chamber with parallel-plate 
electrodes may be employed, the 
plates being about 1 or 2 cm. apart. 
The output pulses are fed into an am¬ 
plifier which is adjusted so that it will 
respond only to the large pulses pro¬ 
duced by alpha (or other highly ioniz¬ 
ing) particles but not to the small 
pulses from beta particles or gamma 
rays. The substance under examina¬ 
tion can be placed on the lower elec¬ 
trode plate within the chamber or the 
active material may be placed outside. 
In the latter event the alpha particles 
are allowed to enter through a “win¬ 
dow” consisting of a very thin sheet 
of mica, nylon or plastic. 

6.15. One of the most remarkable 
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instruments used in conjunction with 
an ionization chamber and linear am¬ 
plifier for alpha-particle counting is 
the pulse analyzer , sometimes famil¬ 
iarly known as a kicksorter. It con¬ 
sists of a number of electronic circuits 
permitting only the passage of pulses 
exceeding a certain minimum, those 
rejected being due to beta particles, 
gamma rays and other extraneous ra¬ 
diations, and then sorting and count¬ 
ing them according to size. Since alpha 
particles from different sources gener¬ 
ally have different energies and ranges 
(Chapter VII), they will produce dif¬ 
ferent numbers of ion-pairs in the ion¬ 
ization chamber. The pulses will thus 
differ in size. Consequently, the alpha 
particles originating from several ra¬ 
dioelements in a mixture can be 
counted independently and simultane¬ 
ously. 

6.16. Although the amplified pulses 
from an ionization chamber have been 
transmitted to an oscilloscope and 
photographed on a moving film, it is 
the more common practice to employ 
a mechanical counter. When the rate 
of arrival of pulses exceeds the maxi¬ 
mum rate of response of the counter, 
which is about 5 to 10 per second, an 
electronic device called a scaler is in¬ 
cluded in the measuring system. A 
common form permits one pulse in 
every 2, 4, 8 or 16 etc., to be recorded 
on the counter. A scale of one in 64 is 
quite common, but instruments with 
much higher scaling factors are often 
used, since a pulse chamber can re¬ 
spond to individual particles arriving 
at the rate of 100,000 or more per sec¬ 
ond. Scalers based on a factor of 10 
have also been constructed. The num¬ 
ber of pulses indicated on the counter, 
multiplied by the appropriate factor 
of the scaler, gives the number of 
alpha particles entering the space be- 
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tween the electrodes in the ionization 
chamber. Instead of counting the total 
number of pulses, vacuum-tube cir¬ 
cuits can be used to record the rate 
at which they are received, i.e., the 
number of pulses arriving in a speci¬ 
fied short time interval. The data ob- 
lained with a counting-rate meter of 
(his type can be employed directly in 
(he determination of half lives. 

6.17. In the integrating form, the 
conditions are such that what is meas¬ 
ured is effectively the total ionization 
produced, rather than the number of 
individual particles. Two main forms 
of the instrument have been used in 
(his connection, and measurements 
can be made with alpha, as well as 
with beta and gamma, rays. In the 
electrostatic form, of which the gold- 
leaf electroscope, used by Beequercl 
(8 2.100) and others, is a simple ex- I 
ample, the electrodes are charged up 
fn a certain potential by means of a 
flattery, and then the latter is re¬ 
moved. The instrument is so con¬ 
structed that when charged in this 
manner, one ot the electrodes, acting 
as mi indicator, moves with respect to 
IIh discharged position. The entry of 
Ionizing particles into the chandler re- 
niilts in the formation of ion-pairs, 
and each of the components is at¬ 
tracted to the electrode of opposite 
dgn. As a result the electrodes are 
discharged and the change in position 
o! the indicator electrode is observed. 
The rate of movement is a direct 
measure of the rate of entry of ioniz¬ 
ing radiations, and the total change 
In position of the indicator is related 
In the total amount of radiation enter¬ 
ing the chamber. 

6.18. One of the simplest and gen¬ 
erally useful devices of the electro¬ 
static type of ionization chamber is 
the quartz-fiber electroscope invented 


by C. C. Lauritsen and T. Lauritsen 
in the United States in 1937. It con¬ 
sists of a very fine metal-coated, 

| quartz fiber, about 6 mm. in length, 
parallel to a rigid horizontal metal 
, wire to which it is connected. This is 
mounted within, but insulated from, a 
cylindrical aluminum case which acts 
both as the ionization chamber and 
, one of the electrodes. The system of 
fiber and rigid wire, which represents 
the other electrode, is charged with re¬ 
spect to the metal case by connecting 
for a short time to a battery of 100 to 
200 volts. As a result of the repulsion 
between the rigid metal wire and the 
flexible fiber, the latter, which acts as 
the indicator, is displaced from its 
normal position. When the electro¬ 
scope is exposed to ionizing radiations, 
the charged wire and attached fiber 
collect ions which reduce the charge; 
hence the mutual repulsion decreases 
and the fiber gradually returns to its 
original position. 

6.19. The rate of movement, ob¬ 
served by means of a microscope with 
a scale in the eyepiece, is roughly 
proportional to the rate at which the 
ions are collected, and hence to the 
rate of entry of the ionizing radia¬ 
tions. The Lauritsen electroscope is 
also used to determine the total 
amount of ionizing radiations emitted 
by a given material in a certain time. 
This is measured by the total move¬ 
ment of the flexible fiber indicator. As 
a general rule, beta and gamma rays 
can penetrate the thin aluminum wall 
of the ionization chamber, but for 
beta rays of low penetrating power, 
and particularly for alpha particles, a 
thin “window” may be used, or the 
specimen under examination may be 
placed within the chamber. 

6.20. In the second type of integrat¬ 
ing ionization chamber, which has 
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foiled extensive use in the atomic en¬ 
ergy field, the circuit is based on that 
shown in Fig. 6.4. In this instrument 

IGNITION 



Fig. 6.4. Simplified circuit for integrating 
(current measuring) type of ionization 
chamber. 

the steady production of ion-pairs in 
the chamber results in a very weak, 
but continuous, flow of current through 
the resistance R. The magnitude of 
this ion current , as it is called, can be 
determined with the aid of a vacuum- 
tube voltmeter V connected across the 
resistance. Alternatively, the current 
can^be measured directly by means of 
a sensitive instrument. The current 
strength is directly proportional to the 
rate at which ionizing (alpha, beta, 
gamma, etc.) radiation is entering the 
ionization chamber. 

6.21. If it is required to determine 
beta radiation in the presence of alpha 
particles, the rays are permitted to 
enter the ionization chamber through 
a “window” made of a thin sheet of 
aluminum. This is sufficient to pre¬ 
vent the passage of alpha particles 
without appreciably hindering the 
beta radiation. However, allowance 
must be made for gamma rays if they 
are present. Ionization chambers for 
gamma rays usually contain a heavy 
gas, such as argon or difluorodichloro- 
methane (“Freon”), often at high 
pressure, so as to facilitate the liber¬ 
ation, by each gamma-ray photon, of 
an electron capable of producing ion¬ 
ization. If alpha or beta particles are 
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present, as they frequently are, they 
may be cut out by means of a thin 
sheet of lead which stops these parti¬ 
cles but has little influence on the 
gamma rays. 

Proportional Counters 

6.22. Although the ionization cham¬ 
ber method of measuring nuclear ra¬ 
diations is very simple and convenient, 
it has the disadvantage of often re¬ 
quiring the use of a very sensitive 
electrometer or of a powerful vacuum- 
tube amplifier. Other ioniz ation in¬ 
struments have therefore been devised 
in which there is a considerable de¬ 
gree of internal amplification. It can 
be seen in Fig. 6.2 that, for a given 
number of initial ion-pairs, the pulse 
size in region III is greater than in re¬ 
gion II. In other words, there is a cer¬ 
tain amount of internal amplification 
of the pulse in region III and this am¬ 
plification increases with the applied 
voltage. However, as noted in § 6.9, 
for a given voltage, the size of the 
pulse is proportional to the initial 
number of ion-pairs produced between 
the electrodes. For this reason, region 
III is called the proportional region . 
It is best attained by using a cylindri¬ 
cal chamber, which acts as the nega¬ 
tive electrode (cathode), with a cen¬ 
tral wire as the positive electrode 
(anode). When the voltage is high 
enough the potential gradient near the 
central wire becomes so large that the 
electrons, produced in the primary 
ionization of the gas by an alpha or 
beta particle, will move toward it with 
a very high speed. In region III the 
speed becomes great enough for the 
electrons to cause the ionization of 
other atoms and molecules in the gas; 
the electrons so produced may cause 
further ionization, and so on. This 
multiplication effect is often referred 
to as a T own Rend avalanche or Town ¬ 
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send cascade , in honor of its discov¬ 
erer, J. S. Townsend (see §6.1). # 

6.23. An electron from each original 
(or primary) ion-pair may conse¬ 
quently lead to the formation of a 
large number of secondary ion-pairs. 
The total number of ion-pairs pro¬ 
duced by a single primary ion-pair is 
called the gas-amplification factor. 
This factor is unity in the ionization 
chamber (region II), but it may be¬ 
come as large as 10 4 or more in region 
III. The size of the pulse produced by 
u single particle is thus increased 
enormously, so that considerably less 
external amplification is required. In 
principle, the proportional region 
could be used in an integrating in¬ 
strument in which the ion current is 
measured. But this would require such 
exact control of the potential differ¬ 
ence between the electrodes as to be 
quite impractical. Consequently, pulse 
counting is always employed, and this 
is the reason for the name proportional 
counter. 

6.24. As already indicated, the in¬ 
strument consists of a cylindrical tube 
with a central wire, the latter being 
attached to the positive pole of the 
battery. The magnitude of the applied 
potential depends on the conditions, 
but it may be from 500 to 800 volts, 
or more, in order to take advantage 
oi the increase of gas amplification 
with the voltage. Various gases have 
boon employed for filling proportional 
counter tubes. As a general rule, a 
mixture is used consisting of a simple 
gHH, such as hydrogen or argon, which 
favors high amplification, and a more 
complex one, such as carbon dioxide, 
methane, pentane, etc., to provide sta¬ 
bility of operation. A fairly typical 
Uiih might be methane containing 10 


to 25 per cent by volume of argon. 
The pressure of the gas is usually less 
than atmospheric, although a success¬ 
ful proportional counter for charged 
particles has been described in which 
methane gas at atmospheric pressure 
flows continuously, the experimental 
material being inside the counter tube. 

6.25. Because of the proportional 
character of the amplification, an 
alpha particle will give a larger pulse 
than will a beta particle or a gamma- 
ray photon, just as in the ionization 
chamber. Hence proportional-counting 
instruments are particularly useful for 
counting alpha particles in the pres¬ 
ence of beta particles and gamma 
rays. By means of suitable devices, 
the smaller pulses can be ignored and 
only the larger pulses produced by 
alpha particles recorded. If the ap¬ 
plied voltage is maintained reasonably 
constant, the alpha-particle pulses can 
be sorted out by means of a pulse 
analyzer (§6.15). The proportional 
counter can also be used for the meas¬ 
urement of beta particles alone or in 
the presence of alpha particles, as de¬ 
scribed in connection with ionization 
chambers. Further, it can be adapted 
to the measurement of neutrons (§11 
26). 

Geiger-Muller Counters 

6.26. A type of instrument that has 
been widely used in radioactive count¬ 
ing is the Geiger-Muller counter , a 
name often abbreviated to Geiger coun¬ 
ter or to G-M counter. Because the de¬ 
tecting portion is commonly in the 
form of a tube, the names Geiger- 
Muller tube or G-M tube are fre¬ 
quently used. These instruments op¬ 
erate in region V of the curve, in Fig. 
6.2, showing the variation of pulse 


* It wuh ul one tune thought that the uvalunrho ionization wuh produced bv (lie positive 
Iomh. Thin view liHM now boon diHcnrdod, ninoo it \n known that thorn* ions do'not generally 
nniliiire Nufficiont energy for tho purpose, 
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size? with the applied potential. The 
conditions in region IV, which lies be¬ 
tween the proportional and Geiger- 
Muller ranges, have found no applica¬ 
tion in radioactive studies, and in 
region VI the potential is so high that 
once ionization takes place in the gas 
there is a continuous discharge of elec¬ 
tricity, so that it cannot be used for 
counting purposes. 

6.27. The essential difference be¬ 
tween the proportional and the Geiger 
regions is that in the former an elec¬ 
tron from an ion-pair probably pro¬ 
duces an avalanche at one point only, 
whereas in the G-M region the ava¬ 
lanche spreads along the whole length 
of the central wire. The pulse size in 
the* proportional region thus varies 
with the number of primary ion-pairs, 
bub in the Geiger counter the amplifi¬ 
cation is so great that the size of the 
pulse is almost independent of the 
number of ion-pairs, as may be seen 
from Fig. 6.2. Although the amplifica¬ 
tion in the Geiger region is large, the 
discharge is not continuous, as it is in 
region VI. The negative members of 
the ion-pairs are mainly electrons, and 
these reach the central wire anode in a 
very short time. The positive ions, con¬ 
sisting of charged gas molecules, how¬ 
ever, move much more slowly toward 
the walls of the tube, which act as the 
cathode. As a result a positive space 
charge is built up near the anode; the 
effective potential difference in its vi¬ 
cinity is consequently decreased and 
the discharge is terminated. 

6.28. The characteristics of the Gei¬ 
ger region can be considered from an¬ 
other point of view. Imagine a weak 
source of ionizing (alpha, beta or 
gamma) radiation placed near an in¬ 
strument, similar to a proportional 
counter, consisting of a cylindrical 
negative electrode (cathode) with a 
central wire as the positive electrode 
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(anode). This instrument is connected 
with a device capable of indicating 
only relatively large pulses, but not 
small ones. As the potential applied 
between the electrodes is increased the 
number of pulses recorded per minute 
will be observed to change in the man¬ 
ner depicted in Fig. 6.5. Until the 



Fig. 6.5. Variation with applied voltage 
of number of pulses received per minute 
due to ionizing radiation. 

voltage reaches the value indicated as 
the starting potential , the pulses are 
too small to be detected. But with ris¬ 
ing potential the gas amplification in¬ 
creases, and pulses are recorded in 
increasing numbers. Eventually, when 
the Geiger threshold potential is 
reached, corresponding to the begin¬ 
ning of region V in Fig. 6.2, the num¬ 
ber of pulses per minute becomes 
essentially constant, as indicated by 
the horizontal portion of the curve in 
Fig. 6,5. The range of potential over 
which this occurs is called the Geiger 
plateau . Beyond the plateau, continu¬ 
ous discharge (region VI) takes place, 
and counting is not possible. 

6.29. The voltages of the threshold 
potential and of the plateau range 
depend, as may be expected, on the 
design of the counter and the nature 
and pressure of the gas it contains, 
Most G-M counters are filled with 
gas at pressures below atmospheric, 
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when the plateau may extend over a 
range of two or three hundred volts 
in the region from about 800 to 1500 
volts. The operating voltage is usu¬ 
ally chosen so as to be somewhat less 
than the value at the middle of the 
plateau. The gas-amplification factor 
can then be as high as 10 8 or more 
for a weakly ionizing particle. In the 
curve shown in Fig. 6.5 the plateau is 
represented as horizontal; this is an 
ideal situation, but in actual practice 
there is often a slight upward slope. 
The slope must, however, be small if 
the G-M counter is to be satisfactory, 
for one of its important advantages is 
that the number of pulses registered 
per minute from a given source re¬ 
mains constant in spite of possible 
variations in the voltage; this condi¬ 
tion can be realized only if the plateau 
is reasonably level, as in Fig. 6.5. 

6.30. One of the troublesome fea¬ 
tures of the Geiger-Miiller counter is 
that when an ionizing particle pro¬ 
duces an avalanche the resulting dis¬ 
charge pulse may continue for some 
time. If another particle enters the 
counter tube before the discharge is 
complete, the pulse it should produce 
will be confused with the preceding 
one, and so on for subsequent pulses. 
In other words, the separate pulses are 
not resolved , and hence cannot be 
counted. The continuation of the dis¬ 
charge or, more correctly, the forma¬ 
tion of a multiple discharge appears 
lo be due to the positive ion members 
of the ion-pairs. When they reach the 
walls, i.e., the cathode, of the G-M 
tube, the positive ions cause electrons 
to be liberated; these move rapidly 
toward the central wire, and thus re¬ 
new the discharge previously termi¬ 
nated, as described above. 

6.31. There arc two main procedures 
for suppressing or quenching the dis¬ 


charge, so as to improve the resolving 
power of G-M counters. In the self- 
quenching , or internally quenched, 
type the filling gas is a mixture of 
argon and a few per cent of a poly¬ 
atomic organic gas or vapor, such as 
methane, ethane or ethyl alcohol. The 
purpose of the argon is to provide 
high specific ionization and a low 
starting potential, whereas the organic 
molecules quench the discharge. Be¬ 
cause the quenching compound ionizes 
more readily than argon, the positive 
argon ions initially formed transfer 
their charges to the organic molecules, 
so that virtually only ions of the lat¬ 
ter reach the walls of the Geiger tube. 
As a result, the energy which would 
otherwise have caused the emission of 
electrons is now used to decompose 
the molecules of quencher.* 

6.32. Some of the decomposition 
products deposit on the walls of the 
counter and on the central wire, and 
this sets a limit to the life of self¬ 
quenching counters. Nevertheless, a 
good tube may count as many as a 
billion, i.e., 10 9 , pulses before becom¬ 
ing ineffective. It can then be opened, 
cleaned and refilled, if desired. A later 
development is the use of a halogen 
gas, such as chlorine or bromine, as 
a quencher in place of an organic com¬ 
pound. Self-quenched tubes of this 
type have a relatively low threshold 
potential; they are said to have a vir¬ 
tually unlimited life, since the atoms 
produced by decomposition of the 
halogen molecules recombine to form 
the molecules once again. A patented 
G-M tube containing argon, with 
small amounts of xenon, oxygen and 
nitrogen, is claimed to be self quench¬ 
ing and to have infinite life. 

6.33. The gas in the noneelf-quench- 
ing typo of Goigcr counter is argon of 
98 per cent purity, the small amount, 


* Other factors, which need not be mentioned here, (ire tilso operative, 
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of .impurity being possibly advanta¬ 
geous. The quenching of the discharge 
is now achieved by means of an exter¬ 
nal resistance or by the use of an aux¬ 
iliary vacuum-tube circuit. These au¬ 
tomatically reduce the voltage below 
the starting potential after each pulse, 
and then restore it in time for the next 
pulse. Since there is no decomposition 
of the gas, an externally quenched 
counter of this type has a very long 
life. 

6.34. When properly quenched, in¬ 
ternally or externally, a G-M counter 
will have a resolving time of about 
2 X 10 -4 second; that is to say, par¬ 
ticles arriving at intervals of not less 
than 2 X 10 -4 second will give sepa¬ 
rate pulses. If the particles were pro¬ 
duced at a uniform rate, that is, at 
regular intervals, a maximum of 5000 
pulses could be counted per second. 
However, the emission of radioactive 
particles is random in character and 
by* no means uniform; consequently, 
the practical counting rate is below 
this maximum. In any event, there is 
always a probability that two or more 
particles will arrive at such short in¬ 
tervals that they are not counted sep¬ 
arately, and a correction must be made 
for such losses. This “coincidence” 
correction increases with the resolving 
time of the tube and with the actual 
counting rate. 

6.35. For very fast counting it is 
necessary to use a suitable scaler in 
conjunction with the Geiger counter. 
However, the G-M tube is almost in¬ 
variably used to determine the rate at 
which radiation is being received at a 
particular point. For this purpose, the 
output of the tube, generally without 
further amplification, is applied to a 
counting-rate meter (§6.16). 

6.36. Because of their versatility, 
G-M tubes have been made in a great 
variety of sizes and shapes, from 1 


cm. to 1 meter in length and from 0.3 
cm. to 10 cm. in diameter. The walls 
can be of metal such as copper, or a 
metal cylinder may be supported in¬ 
side a glass tube (Fig. 6.6). Another 



CENTRAL WIRE (ANODE) 

GLASS 
TUBE 





*METAL CYLINDER (CATHODE) 


Fic. 6.6. Construction of simple Geiger- 
Miiller tube. 


possibility is to coat the interior sur¬ 
face of the glass tube with a thin layer 
of an electrical conductor, such as sil¬ 
ver or graphite. The central wire which 
acts as the positive electrode (anode) 
is usually of tungsten, with a thick¬ 
ness of 0.02 to 0.05 mm. As indicated 
above, the nature of the gas depends 
on the type of counter; the pressure is 
usually less than atmospheric, but in 
some cases it is the same as that of 
the atmosphere. Geiger-Miiller count¬ 
ers are mainly used for beta and 
gamma rays, partly because it is dif¬ 
ficult to make tubes with windows 
thin enough to be penetrable by alpha 
particles. When the penetrating power 
of the beta radiation is small, the tube 
may have a very thin glass or mica 
window, which the particles can pene¬ 
trate. 

6.37. In view of the wide use of par¬ 
ticle counters based on gas ionization, 
it may be noted that the principle was 
first used by Rutherford and Geiger 
in 1908 to count alpha particles with 
the object of determining their charge 
(§2.108). The apparatus consisted of 
a brass cylinder, about 20 cm. long 
and 1.7 cm. internal diameter, with a 
thin central insulated wire which \vm 
attached to the positive terminal of 
the battery. “In our experiments,” they 
said, “it was arranged that the alpha 
particles could be fired through the 
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gas at low pressure exposed to an elec¬ 
tric field somewhat below the spark¬ 
ing value. In this way, the small ioni¬ 
zation produced by one alpha particle 
in passing along the gas could be mag¬ 
nified several thousand times. The 
sudden current through the gas due to 
the entrance of an alpha particle in 
the testing vessel was thus increased 
sufficiently to give an easily measur¬ 
able movement of the needle of an 
ordinary electrometer.” With this ap¬ 
paratus, which apparently functioned 
in the proportional range, Rutherford 
mid Geiger were able to count the 
alpha particles from a radium C 
source. 

6.38. In 1913, some improvement in 
the design of particle counters, leading 
to operation in region V, was made by 
Geiger, but the modern highly sensi¬ 
tive G-M counter is essentially that 
developed hy Geiger in collaboration 
with W. Muller in Germany in 1928. 
It should not be overlooked, however, 
that the wide sphere of usefulness of 
I In- G-M tube, as well as the ion¬ 
ization chamber and proportional 
counter, owes much to the develop¬ 
ments in vacuum-tube circuits which 
have taken place in recent years. In 
fids connection, mention may be made 
id' the Swiss physicist, H. Greinacher 
who, in 1924, introduced the use of 
vacuum tubes to amplify the pulses 
produced by ionizing particles. 

Uses of Ionization 
Instruments 

6.39. Instruments of the types de- 
wTihcd above are used either for the 
detection of nuclear radiations or for 
llicir quantitative measurement. In 
Home circumstances, e.g., in prospect¬ 
ing lor uranium minerals or in health 
protection operations (see Chapter 
Xl-V), it is required to know that 
radioactive material is present and, if 


possible, to obtain a rough indication 
of the quantity. For this purpose the 
Geiger counter with a rate meter is 
very convenient. The high voltage can 
be obtained with a small battery com¬ 
bined with a vibrator, and the large 
internal amplification makes vacuum- 
tube amplification unnecessary. Gei¬ 
ger tubes are rarely designed to detect 
alpha particles, because of their short 
range in air and small penetrating 
power. But both beta and gamma ra¬ 
diations can be detected, and if the 
tube is provided with a thin “window” 
and a thicker “shutter,” it is possible 
to permit the beta particles to enter 
or to be excluded, as desired. For the 
detection and rough measurement of 
the intensity of alpha particles, some 
form of proportional counter is gener¬ 
ally used. 

6.40. For quantitative determina¬ 
tions, even of moderate reliability, the 
G-M counter is not always satisfac¬ 
tory. Accurate measurements can, 
however, be made with ionization 
chambers, either of the integrating or 
particle-counter types, and also with 
proportional counters. By the use of 
selector (or discriminator) circuits 
which reject small pulses, these in¬ 
struments (or counters) can be used 
for alpha particles. They can also be 
adapted to measure beta or gamma 
radiation by means of suitable “win¬ 
dows.” In general, ionization cham¬ 
bers would be used for the more highly 
ionizing radiations because there is 
no internal gas amplification. Both 
ionization-chamber and proportional 
counters have short resolving times, 
permitting high counting rates. In this 
respect they are greatly superior to 
the G-M counter which is not reliable, 
even for rough measurements, when 
the pulse rate is more than about 5000 
per second. 

6.41. When “absolute” counting is 
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being undertaken, it is necessary to 
know the geometrical efficiency, or 
geometry, of the counter 
fraction (or percentage) of the total 
number of particles emitted by tt 
source that actually enter the counter 
tube This can usually be determined 
by means of a standard radioactive 
source. Alpha-particle standards can 
be prepared from uranium and several 
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beta and gamma standards made 
from either natural or artificial radio- 
elements, are available. When the 
counter is used for comparative , 
rather than absolute, measurement, 
as is often the case, all that is re¬ 
quired is that the geometry should 
always be the same. This is achieved 
by standardizing the operating proce- 
dure. 


measurement of radiation by other methods 


Scintillation Counters I 

6 42 Since the year 1947, there have 
been remarkable developments m one 
of the oldest methods of counting par¬ 
ticles, namely, that based on the small 
flashes of light (or scintillations) 
which accompany the exposure of cer¬ 
tain materials to nuclear radiations. 
The mechanism of formation of these 
scintillations is very complex but es¬ 
sentially it involves the initial forma¬ 
tion of a higher-energy (or excitec 
electronic state of the molecules (or 
atoms), or, in certain inorganic solids 
of a small region ot a crystal. The 
excess energy, which has been derived 
directly or indirectly from the nuclear 
radiation, is then emitted, within a 
very short time, as a flash of hg ht y 
6.43. In the course of his eany shin¬ 
ies of radioactivity H. Becquerel 
found, in 1899, that the radiations, 
like X-rays and cathode rays, are able 
to produce luminescence in a number 
of substances, such as zinc sulfide 
(Sidot’s hexagonal blende), barium 
platinocyanide and diamond Tins 
property of radioactive rays, which is 
mainly due to the alpha particles, was 
employed by Curie and by Debieme 


in the study of the gaseous emanations 
(S 5 18). In 1903, W. Crookes in Eng¬ 
land, and J- Elstcr and H. Geitel ij 
Germany, independently reported that 
the luminescence produced by alpha 
particles on zinc sulfide was not uni¬ 
form but consisted of a large number 
of individual hashes which could be 
seen in a microscope* A year later, 
in the first edition of his book on 
Radioactivity, Rutherford wrote. In 
the scintillations of zme sulphide, 

| ar e actually witnessing the effect pro- 
duefid by the impact . ■ of 11 
atoms of matter [r,e„ the alpha par- 
ticlesl. . • • This would offer a M3ty| 
convenient means of actually counting! 
the number of the particles . . • * j 
each particle gave rise to a flash ?|] 
li'dit.” At the time, Rutherford diO| 
not think this was very probable, but 
later, in collaboration with Geiger, he 
proved that such was actually tho 

case. 


6 44 The first attempt to couni 
alpha particles, by observing the scin¬ 
tillations they generated m a diamond, 
was made by E. Regener m Germa* 
in 1908. At about tbe same tinW 
Rutherford and Geiger compared the 


sSSsaSSSS- “ - » — * 


Measurement of Nuclear Radiations 


151 


number of scintillations produced by 
a radium C source on a zinc sulfide 
screen with the pulses in an electrical 
(ionization) counter (§ 6 . 37 ). The 
numbers were approximately the same 
in both cases, so that if each alpha 
particle caused a single pulse in the 
counter, then it also gave rise to one 
scintillation. In this manner Ruther¬ 
ford and Geiger established the reli¬ 
ability of the scintillation method of 
counting alpha particles. The proce¬ 
dure was used by Geiger and Marsden 
in their original work in 1910 on the 
scattering of alpha particles during 
passage through thin sheets of metals 
(§ 4.9), and also later, in 1913, in their 
confirmation of Rutherford’s equation, i 
based on the nuclear theory of the 
atom (§4.13). It was also employed 
by Chadwick and others for the de¬ 
termination of the nuclear charge by 
the method described in § 4.27. 

6.45. Prior to the 1930s, when the 
development of vacuum-tube circuits 
nimplified the counting of electrical 
pulses, the scintillation method, in¬ 
volving tedious visual observation, 
was virtually the only procedure used 
for both quantitative and qualitative 
Htudies of alpha particles. As a result 
of the progress made in the methods 
of counting, described above, the scin¬ 
tillation procedure was largely dis¬ 
carded. However, in recent times there 
lias been a revival of interest in the 
subject, mainly because of two factors. 
First, there was the discovery that 
certain organic compounds, either in 
(lie solid state or in solution, as well 
; hm inorganic solids, which produce 
neintillations when exposed to nuclear 
radiations, are transparent to the light 
t hey emit. As a result, relatively large 
quantities of the scintillator (or phos¬ 
phor) can be used; this insures a high 
probability of interaction with the 
hulintion and a high detection effi¬ 


ciency. Second, was the advent of the 
electron-multiplier tube with a photo¬ 
electric cathode, generally called a 
photomultiplier tube. The light pro¬ 
duced in a single scintillation, which 
is too feeble to measure directly, 
causes the emission of electrons from 
the cathode of the tube, due to the 
photoelectric effect. The number is 
greatly increased in successive stages, 
so that ultimately a measurable cur¬ 
rent pulse is produced. This can be re¬ 
corded by means of a counter (or 
counting-rate meter) in the manner 
already described for ionization in¬ 
struments. 

6.46. A combination of scintillator 
and photomultiplier tube to count 
particles was apparently first used by 
the British scientists S. C. Curran and 
W. Baker in some wartime research, 



Fig. 6.7. Diagrammatic representation of 
a scintillation counter. 


reported in 1944. However, the main 
stimulus to the present day interest 
came in 1947 from the work of H. 
Kallmann, then in Germany, who 
employed a large clear crystal of the 
organio substance naphthalene as 
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phosphor, in conjunction with a photo¬ 
multiplier. A simple form of the system 
is shown diagrammatically in Fig. 6.7; 
the crystal of the phosphor, surrounded 
by. thin aluminum foil s is attached to 
the top, close to the cathode, of the 
photomultiplier tube. The purpose of 
the foil is to reflect the light flashes on 
to the cathode. A particle of nuclear 
radiation (or a gamma-ray photon) 
entering the phosphor causes a flash 
of light, which falls on the photo¬ 
cathode. As a result, electrons are 
emitted and these are subsequently 
multiplied to produce a relatively 
large electrical pulse at the output of 
the tube. 

<6.47. Following the early use of 
naphthalene as the phosphor, it has 
been found that other, related organic 
compounds, consisting of several linked 
benzene rings, are better scintillators. 
They can be obtained as large clear 
crystals and the light flashes are more 
intense than those emitted by naph¬ 
thalene, so that they produce larger 
output pulses. Of the solid organic 
scintillators, anthracene appears to be 
the best. A further significant develop¬ 
ment has ‘ been the discovery that 
certain solutions of organic compounds 
are also capable of acting as phos¬ 
phors. Although they are not as ef¬ 
ficient as the pure crystals, the 
problem of growing good crystals is 
eliminated. 

6.48. A liquid scintillator has two 
main components: the solvent, usually 
toluene or xylene, and the primary 
solute (or dissolved substance), e.g., a 
few per cent of diphenyl oxazole or 
terphenyl. It appears that most of the 
energy is absorbed from the nuclear 
radiation by the solvent, which is itself 
not a scintillator, and is then trans¬ 
ferred to the solute, which actually 
emits the light. A small amount of 
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secondary solute may be added to act 
as a wave length shifter , i.e., to in¬ 
crease the wave length of the light i 
emitted. At the somewhat longer wave | 
lengths, the transparency of the liquid I 
is greater, so that less light is lost, and, 
in addition, the photomultiplier tube 
has a better response. 

6.49. Another type of organic scin- | 
tillator system, which lies somewhere I 
between a solid crystal and a solution,® 
has a plastic as the base. A solution is I 
made of the primary solute, possibly 1 
with the addition of a wave length | 
shifter, in a solvent like vinyltoluene 1 
or styrene which can be readily con¬ 
verted, by the process known as poly- I 
merization, into a solid plastic; this I 
acts as a satisfactory scintillator. The I 
resulting transparent material can be I 
made in large pieces and cut to any 
desired shape. 

6.50. An important class of scin¬ 
tillators is related to those used in the I 
early studies of radiations. They are || 
inorganic substances which, unlike the I 
organic compounds, do not scintillate I 
when pure. The presence of a small I 
amount of an activator is always 1 
necessary. One of the best inorganio I 
scintillators, especially for gamma <1 
rays, is crystalline sodium iodide I 
activated with thallium (about 0.1 per I 
cent). Other alkali halides, such as I 
potassium chloride and iodide, have I 
also been used. Zinc sulfide, with a I 
trace of silver as activator, is a highly I 
efficient scintillator, but large single 
crystals are difficult to obtain. This I 
material has, therefore, been chiefly* 
used for the counting of alpha par- 1 
tides, as these have a very short ! 
range, in any event. 

6.51. Since 1954, the possibility oil 
using gaseous scintillators hap at* I 
tracted interest because of their ex*| 
tremely rapid response. When expOfWH 
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to nuclear radiations, the inert gases 
of the atmosphere, e.g., argon, krypton 
and xenon, produce scintillations in 
the ultraviolet region of the spectrum. 
By means of a suitable wave length 
shifter, the flashes are converted into 
visible light, so that the photomulti¬ 
plier responds most effectively. Liquid 
and solid xenon, which have the advan¬ 
tage over the gas in having a greater 
stopping power for the radiations, can 
also act as scintillators in the same 
manner. 

6.52. In spite of the great variety of 
phosphors, there are generally circum¬ 
stances in which one or another is pre¬ 
ferred because of certain differences in 
behavior. Sodium iodide (with thal¬ 
lium) is a highly effective scintillator 
its far as light output is concerned, but 
the light pulse lias a relatively long 
ilei ay time, compared with the organic 
phosphors; hence, it is less satisfactory 
when a very rapid response is re¬ 
quired. However, because of its high 
density, sodium iodide has a high 
stopping power for gamma rays, and 
hence is a very efficient counter for 
photons of this radiation. Further, the 
*izc of the output pulse is closely pro¬ 
portional to the energy quantum, so 
that, with the aid of a pulse analyzer, 
Kfimma rays of different energies, from 
It single substance or from a mixture, 
can be separated and counted. If re- 
< 111 i red, the actual energies can be 
measured. 

6.53. Organic scintillators give 
smaller light pulses, under equivalent 
conditions, than do sodium iodide 
(with thallium); but since they have 
ft shorter decay time, higher counting 
I'ateH are possible. The decay time in 
the liquid and plastic scintillators are 
even shorter than in the crystals, but 
Hie light emission is also decreased. 

(Counters with liquid phosphors can bo 


made very large and in a great variety 
of shapes. The “human” counter at 
Los Alamos Scientific Laboratory, for 
determining the total radioactivity of 
the body, is large enough to contain a 
grown person. Three counters, each 
holding 420 gallons of liquid, were 
used in the detection of the elusive 
particle known as the neutrino (§ 7.61). 

6.54. Because of their simplicity, 
great flexibility and versatility, high 
sensitivity to all forms of nuclear 
radiation, rapid response, very short 
resolving time, and the ability, in 
some forms, to discriminate between 
and measure photon energies, scin¬ 
tillation counters are finding ever- 
increasing uses. For general survey 
purposes, especially where gamma 
rays are being detected, they are 
superior to the Geiger counter because 
of their greater accuracy, higher effi¬ 
ciency and shorter resolving time. A 
G-M counter records about 1 per cent 
of the entering gamma-ray photons, 
but a sodium iodide scintillator will 
easily record 50 per cent, largely be¬ 
cause of the greater density of the 
material. Further, even though the 
latter is slow compared to an organic 
phosphor, it has a very much shorter 
response time than a Geiger tube. 

6.55. Aside from particle counting, 
there are many applications in the 
atomic energy field for which scin¬ 
tillation counters are especially suited 
because of their extremely rapid re¬ 
sponse. In many cases the light flash 
is over in a very few billionths of a 
second. Consequently, instruments of 
this kind are used for the accurate 
timing of nuclear (and related) par¬ 
ticles moving with very high speeds. 
For example, scintillation counters 
were employed in the detection of the 
antiproton, described in § 2.83, in 
which it was necessary to count the 
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particles traversing a distance of 40 
feet in 51 billionths of a second. 

Cerenkov Counters 

6.56. For studies of various nuclear 
particles and photons of high energy, 
another type of light-emitting counter 
has attracted some interest. This is 
based on the production of what is 
known as Cerenkov radiation . In 1934, 
the Russian physicist P. A. Cerenkov 
reported that water and other trans¬ 
parent substances, such as glass and 
mica, emitted a weak bluish-white 
glow when exposed to gamma radi¬ 
ation.* The light was emitted mainly 
in the direction of the gamma-ray 
beam, and had a continuous spectrum 
from red to ultraviolet, at least. An 
explanation of this phenomenon was 
given, some three years later, by I. 
Frank and I. Tamm in Russia. It was 
shown that the production of Cerenkov 
radiation is a kind of electromagnetic 
^hock-wave effect, arising when an 
electrically charged particle travels 
through a medium with a velocity 
greater than that of light in that 
medium.f 

6.57. The idea of using the luminous 
Cerenkov radiation, in conjunction 
with a photomultiplier tube, to count 
individual charged particles (or pho¬ 
tons) of high energy was put forward 
in the United States by I. A. Getting 
in 1947, and the first attempt to con¬ 
struct such a counter was made by 
R. H. Dicke shortly thereafter. Further 
development of the Cerenkov counter, 
as it has been called, was due to the 
work of J. V. Jelley in England in 
1951. In its simplest form, a Cerenkov 
counter i& similar to a scintillation 
counter, except that the light flashes 

* Essentially the same effect was observed 

t The velocity of light in a liquid or solid is 
air. In water, for example, the velocity of lifi 
2 X 10'°, compared will) 3.00 X 10 10 cm. per H< 


are generally much more feeble in the j 
former case. The high-energy particles I 
or radiation photons enter a vessel j 
containing a transparent liquid, e.g,, I 
water, or a block of glass. The interior I 
walls of the vessel are silvered or j 
painted white to reflect all the light I 
produced on to the cathode of a sensi- I 
tive photomultiplier. The output pulses j 
can then be counted. 

6.58. The Cerenkov counter, in 
various forms, has found application I 
in the study of mesons, etc., in cosmic J 
rays, and also of various particles and 1 
photons of high energy produced in the 1 
laboratory. In addition to having an 
exceptionally short resolving time, I 
since the light pulse from a single par-1 
tide usually lasts less than a billionth 
of a second, there are other special I 
features of the counter which eon-1 
tribute to its value. Because the radi-J 
ation in a given medium is produced 
only when the speed of the charged ! 
particles is greater than the velocity I 
of light in that medium, the Cerenkov 
counter can be used as a threshold! 
detector, i.e., to record only particle* 
whose speed (or energy) exceeds a] 
certain value. 

6.59. The angle between the direc- i 
tion of light emission and the path ofl 
the initiating particle depends on thtj 
velocity of the latter. Consequently, 
the Cerenkov counter can be adapted! 
to the determination of particle] 
velocities (or energies). Particles of 
different mass can be distinguished inj 
two ways: first, for the same velocity J 
i.e., the same Cerenkov angle, tho| 
brightness of the flash (and output! 
pulse size) is proportional to thfj 
square of the atomic number andJ 
second, for the same energy 

in water by L. Mallet in Fmiuie in 1929. 
considerably Ithn Umn that in a vacuum or ill 
tit is 2.25 X 10'°, and in ordinary glass uhmil 
c. in a vacuum. 
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or range, the velocity of the particle is 
inversely proportional to the square 
root of the mass number. There are 
other aspects of the Cerenkov counter 
which make it unique, but enough has 
been said to justify the interest in it 
ns a device for studying high-energy 
particles. 

Crystal Conduction Counters 

6.60. Another method for counting 
nuclear particles was proposed by P. J. 
Van Heerden in Holland in 1945. It 
lias been known for some years that 
certain crystals, which are normally 
poor electrical conductors, become— 
like gases—conducting when exposed 
to ionizing radiations. If the crystal is 
| ilaced between two electrodes, to 
which a potential is applied by means 
of a battery, each ionizing particle will 
produce a pulse of current which can 
be amplified and recorded. Van 
Heerden employed a silver chloride 
crystal, but this has to be cooled in 
liquid air in order to be effective. 
Inter it was observed that some, but 
hot all, diamonds can respond to 
gumma, and probably to beta, radi¬ 
ations at ordinary temperatures. It is 
claimed that extremely short pulses 
are obtained, so that much more rapid 
recording is feasible. 

6.61. In addition to silver chloride, 
which requires low temperatures for 
tfH use, and diamond, which is costly, 
a number of inexpensive substances 
have been found which respond to 
radiation in the same manner at 
normal temperatures. A particularly 
good material is cadmium sulfide, with 
traces of impurities as activators, 
which has long been known as a 
photoconductor , i.e., it becomes an 
electrical conductor when exposed to 


ordinary light as well as to radiations 
of shorter wave length, e.g., X-rays 
and gamma rays. The response time of 
cadmium sulfide is fairly long and so 
it does not lend itself to individual 
particle counting. However, it can be 
used in a simple integrating-type in¬ 
strument (§ 6.20) for gamma-radi¬ 
ation surveys. It consists of the crystal, 
a battery and a current meter, which 
indicates the rate of arrival of the 
radiation. 

Statistical Errors of Counters 

6.62. All individual nuclear events 
appear to be random in character, 
although when a large number of such 
events are examined a definite prob¬ 
ability pattern is evident. If any single 
radioactive nucleus were considered, 
it would be impossible to say when 
it is likely to emit a particle. But, for 
a system consisting of a large number 
of nuclei of the given kind, the prob¬ 
ability that any nucleus will expel a 
particle is determined by the decay 
constant (§5.33). The same general 
situation applies to nuclear events of 
all kinds. 

6.63. One of the consequences of the 
random nature of nuclear processes is 
that, if two successive readings are 
taken on the same counter, exposed to 
a constant source of ionizing particles, 
the results will probably differ some¬ 
what. This is referred to as the sta¬ 
tistical error of the counter due to the 
random nature of the events recorded. 
The probable error can be calculated 
theoretically, but from the practical 
standpoint it is important to note that 
the magnitude of this error is de¬ 
creased by increasing the number of 
counts. 
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Chap. VI 


TRACKS OF IONIZING PARTICLES 


Ions as Condensation Nuclei 

6.64. Although ionization chambers, 
Geiger tubes, scintillation counters 
and other devices have proved invalu¬ 
able for counting ionizing particles, 
another instrument—the Wilson cloud 
chamber—has been very useful in 
connection with somewhat different 
studies of such particles. The funda¬ 
mental principles involved in the cloud 
chamber were discovered by the Eng¬ 
lish physicist C. T. R. Wilson in 1896. 
Like J. S. Townsend, whose investi¬ 
gations led to the development of 
methods for counting alpha and beta 
particles (§ 6.1), Wilson was working 
in the famous Cavendish Laboratory, 
presided over at that time by J. J. 
Thomson. However, it was not until 
1911 that Wilson devised the first form 
of the instrument which made possible 
tl^e discovery of the positive electron, 
ox positron, as described in § 2.67, and 
also of various mesons. 

6.65. Air contained in an enclosed 
space can be saturated with the vapor 
of water or of any other liquid, the 

v ^ 



R 


C 


Fig. 6.8. Diagram of Wilson cloud 
chamber. 

amount of the vapor necessary to pro¬ 
duce saturation decreasing as the tem¬ 
perature is lowered. Imagine a vessel 
A containing air saturated with water 
vapor enclosed by a piston B, which is 
maintained in position by the pressure 
of the air below it (Fig. 6.8). Suppose 
that, by means of a valve C, the pres¬ 


sure under the piston B is suddenly re¬ 
leased so that it falls; this will result 
in an instantaneous expansion of the 
gas in A. The sudden (adiabatic) ex¬ 
pansion will result in the air being 
cooled, so that it now contains more 
water vapor than is necessary for 
saturation at this lower temperature. 
If particles of dust are present in the 
air, they will act as condensation 
nuclei, and the excess of water vapor 
will separate out as fine droplets of 
liquid in the form of a cloud or mist. 
If, on the other hand, there are no dust 
particles, the air will become super¬ 
saturated with vapor, and no con-1 
densation will occur unless there has 
been considerable expansion accom¬ 
panied by a marked fall of temper¬ 
ature. 

6 .66. In 1887, the versatile German 
physicist H. von Helmholtz, and oth¬ 
ers, had found that electrification 
brought about condensation in steam 
jets, and J. J. Thomson in 1893 had 
provided a theoretical interpretation of 
these facts. But it was C. T. R. Wilson 
who, in 1896, discovered that when 
dust-free air saturated with water va¬ 
por was exposed to X-rays, it behaved 
on expansion just as if it contained 
dust particles. Later he showed that 
the radioactive radiations from ura¬ 
nium and the electrons produced by 
the photoelectric effect of ultraviolet 
light on zinc (§ 2.48) had a similar in¬ 
fluence. Wilson suggested that the 
positively and negatively charged iom 
formed in the air by the radiations 
acted, like dust particles, as condensa¬ 
tion nuclei, and this was confirmed 
when he proved that no condensation 
would take place on expanding thfl 
saturated air after the ions had been 
removed by an electric field. 
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6.67. The background of Wilson’s 
discovery provides a striking example 
of the consequences of scientific curi¬ 
osity and observation. In the address 
which he gave following the award to 
him of the Nobel Prize for Physics in 
1927, Wilson described how in 1894, 
when he was still a young student, he 
spent a few weeks during the summer 
in the observatory on the summit of 
lien Nevis, in Scotland. “The wonder¬ 
ful optical phenomena shown when the 
min shone on the clouds , . * ” he 
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effect of ionizing radiations in facili¬ 
tating the condensation of water drop¬ 
lets in saturated air cooled by expan¬ 
sion. Thus, he turned away from the 
study of the colors produced when 
light is scattered by clouds, to investi¬ 
gate the phenomenon of condensation 
on gaseous ions which has proved of 
such great value in many aspects of 
nuclear science. 

The AVilson Cloud Chamber 

6 .68. C. T. R. Wilson’s discovery 




w 


Ov \\ \ \i iif.V 




Fig. 6.9. Cloud tracks produced by alpha par¬ 
ticles from polonium. 


Nuid, “greatly excited my interest, and 
made me wish to imitate them in the 
laboratory. At the beginning of 1895, 
I made some experiments for this pur¬ 
pose—making clouds by expansion of 
moist air. . . . Almost immediately I 
cm, me across something which promised 
lo be of more interest than the optical 
phenomena which I had intended to 
study.” At the beginning of 1896, Wil¬ 
son had access to an X-ray tube, a 
novelty which was attracting great in¬ 
terest among scientists at the time, 
mid it, was then that he discovered the 


was first put to practical use in the 
early attempts to determine the mag¬ 
nitude of the electric charge carried by 
gaseous ions. Observations were made 
on the clouds produced when air satu¬ 
rated with water vapor was exposed to 
various ionizing radiations, as indi¬ 
cated in § 2.31. It was in 1911, how¬ 
ever, that AVilson showed that the path 
of a single ionizing particle could be 
rendered visible. The apparatus, which 
has become known as a cloud chamber , 
for the obvious reason, is similar in 
principle lo the device* depicted in Fig. 
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6 .8. The air is saturated with water 
vapor and the piston is allowed to drop 
to such an extent as will expand the 
volume of the air by a factor of 1.25 
to 1.37, this being the range in which 
cloud formation can occur. 

6 t 69. If an ionizing particle enters 
the chamber either immediately be¬ 
fore, during or immediately after the 
expansion, the trail of ions left in its 
path will act as condensation nuclei, so 
that a close array of fine droplets, i.e., 
a kind of linear cloud, called a cloud 
track , will be formed. By using suitable 
strong illumination D from the side, 
the track appears as a white line on a 
dark background. This can be photo¬ 
graphed by means of two cameras at 
right angles, as shown at E and F, so 
that a permanent record can be ob¬ 
tained from which the path of the sin¬ 
gle ionizing particle in three dimen¬ 
sions can be studied. 

6.70. The cloud tracks produced by 
a g?oup of alpha particles are shown 
in Fig- 6.9. It is seen that, in general, 
the particles travel in straight lines, 
although near the end of their paths, 
when their speeds have been greatly 
diminished, the particles may suffer 
sharp deflection, presumably as the re¬ 
sult of impacts with the nuclei of oxy¬ 
gen or nitrogen present in the air. 

6.71. Apart from their many appli¬ 
cations in the study of ionizing parti¬ 
cles, radiations and even neutrons, to 
which reference will be made in the 
course of this book, the Wilson cloud- 
chamber photographs have a signifi¬ 
cance that is fundamental to the 
atomic theory as a whole. As Lord 
Rayleigh (4th Baron) has pointed out, 
while it is true that the Brownian 
movement (§ 1.58) gives a magnified 
picture of molecular motion, that ion¬ 
ization counters permit individual 
alpha particles and electrons to be 
counted, and that flashes produced by 
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single particles are rendered visible 
in various scintillation devices, it is 
the cloud track which provides per¬ 
haps the most convincing evidence of 
the reality of the atom. The track 
produced by an alpha particle indi¬ 
cates the path of a single helium 
nucleus, and deviations from a straight 
line show exactly where an encounter 
with another atomic nucleus has oc¬ 
curred. 

6.72. Since the construction of the 
first Wilson cloud chamber in 1911, the 
apparatus has been improved in many 
ways, although the fundamental prin¬ 
ciple remains unchanged. In order to 
record rare nuclear phenomena, it is 
necessary to take many photographs, 
and in 1921 the Japanese physicist, T. 
Shimizu, working in England, devised 
a means for doing this automatically. 
The piston of the cloud chamber was 
attached to an electric motor so that 
the appropriate expansion, followed by 
compression to the initial volume, took 
place at regular intervals of a few sec¬ 
onds. After each expansion a photo¬ 
graph of such tracks as may have been 
formed was taken on a moving film, I 
and then the chamber was cleared of I 
charged particles by an electric field, 1 
so that it was ready for the next cycle I 
of compression and expansion. Be- I 
cause the expansion was not sufficiently I 
sudden, the cloud-track photographs 
were somewhat blurred, but this difR- 1 
culty was overcome by P. M. S. Black¬ 
ett, in England in 1927, by using a I 
spring mechanism in place of the motor 1 
to move the piston of the cloud cham¬ 
ber at regular intervals. 

6.73. Instead of operating the chain- I 
ber regularly but intermittently, cloud I 
chambers, particularly those used in I 
the study of cosmic rays (Chapter 
XVIII), are frequently constructed so I 
as to function automatically at the I 
critical moment. Geiger (or other) I 
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mmters are placed at the top and 
bottom of the chamber and when an 
ionizing particle passes through both 
them, and lienee through the cham¬ 
ber. a relay is operated which causes 
expansion of the gas and condensation 
id droplets of water on the ions left by 
( lie particle. The track of the latter is 
consequently revealed by a photograph 
taken at the same time. 

6.74. In the earlier cloud chambers a 


chamber underwent sudden expansion. 
A cloud chamber of this type can be 
used in any desired position. 

6.75. Although the foregoing de¬ 
scription has referred to water as the 
liquid used to saturate the air in the 
A\ilson cloud chamber, it is more com¬ 
mon at the present time to employ 
ethyl or propyl alcohol or a mixture of 
alcohol and water. The use of alcohol 
in this connection gives better conden- 


Fig. 6.10. Faint cloud tracks produced by beta 
particles from radium E. (The curvature of the 
tracks was caused by a magnetic field.) 


layer of water or oil was used on the 
lloor of the chamber as a seal for the 
piston, and this meant that the instru¬ 
ment could be used only in the hori¬ 
zontal position. A decided advance in 
design was made by C. T. R. Wilson in 
193:1 when he constructed a cloud 
chamber in which the piston was re¬ 
placed by a thin rubber diaphragm 
lixed at, itji edge, The diaphragm was 
maintained in a state of tension by 

mruiiH nf compressed Jt ] r j n tdic? back 
(or lower part) of the chamber, and 
when thin was released- the gas in the 


sation on positive ions than does water 
alone and, in addition, the extent of 
expansion necessary for droplet forma¬ 
tion is diminished from 1.25 to about 
1.10 at ordinary pressures. While air 
is the usual gas, cloud chambers con¬ 
taining argon are sometimes employed, 
and the pressure may range from be¬ 
low to well above that of the atmos¬ 
phere, 'The higher pressures are de¬ 
sirable ior the study of high-energy 
(or long-range) particles which might 
otherwise pa m right (hrongh Ur> cham¬ 
ber wit limit taking part in an event of 
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interest, e.g., a nuclear disintegration. 

6.76. For the study of radioactive 
radiations and for many similar pur¬ 
poses, relatively simple cloud cham¬ 
bers, with air at ordinary pressure, are 
quite adequate. Because of the low 
penetrating power of alpha particles, 
the source of the radiation must be in¬ 
side the chamber, but a substance 
emitting beta particles can be placed 
outside and the rays allowed to enter 
through a “window.” Gamma rays 
and X-rays yield cloud tracks because 
they liberate electrons which produce 
ionization in their paths (§ 6.5). These 
tracks are, however, very faint. 

6.77. By making visible the actual 
track of an ionizing particle, the cloud 
chamber permits the measurement of 
the range of the particle from which its 
energy can frequently be calculated 
(§ 7.20). By counting the drops in the 
cloud track the specific ionization can 
be determined and the nature of the 
particle identified; it is thus possible 
to distinguish between an alpha par¬ 
ticle, a proton, a meson and an elec¬ 
tron. The alpha particle has the 
highest specific ionization and gives a 
short dense track, while an electron, 
unless it is moving with very high 
speed, leaves a track that is diffuse 
and tortuous (Fig. 6.10). By observing 
the curvature of the cloud track in a 
magnetic field the sign of the ionizing 
particle can be determined. As seen in 
§ 2.69, this fact played an important 
role in the discovery of the positron. 

Diffusion Cloud Chambers 

6.78. A conventional cloud chamber 
has a relatively long recovery time— 
5 to 10 sec.—after expansion, so that 
it may often miss an interesting 
nuclear event. The concept of a con¬ 
tinuously sensitive cloud chamber was 
proposed by A. Langsdorf in the 
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United States in 1939. The device he 
constructed, called a diffusion cloud 
chamber , was somewhat complex and 
it was not until 11 or 12 years later 
that simpler forms were designed and 
operated successfully. 

6.79. Essentially, the diffusion 
chamber consists of a vessel, contain¬ 
ing air or other gas, which is kept 
warm at the top and cold at the 
bottom; a supply of a volatile liquid 
is available, e.g., in a circular trough, 
near the top. The liquid vaporizes in 
the warm (top) region, where the 
vapor pressure is high, and continu¬ 
ously diffuses to the bottom (cold) 
region, where the vapor pressure is low 
and condensation occurs. Somewhere 
in between the air is supersaturated 
with vapor and the conditions are 
right for the growth of droplets around 
ions, just as is the case immediately 
after expansion of a conventional 
cloud chamber. The diffusion cloud 
chamber thus remains continuously 
sensitive to ionizing particles, until 
the supply of the volatile liquid is 
exhausted. 

6.80. In order to increase the fre¬ 
quency of occurrence of nuclear eventW 
the pressure of the gas in the chamber 
is increased. Diffusion chambers have 
been operated with hydrogen or helium 
gas at pressures up to about 35 atmos¬ 
pheres. The best volatile liquid him 
been found to be methyl alcohol, with 
ethyl alcohol only slightly inferior. In 
the former case, the temperature at 
the top of the chamber is about 30°O 
(86°F) and that at the bottom around 
—70°C (—94°F). For reliable func¬ 
tioning, reasonably good tempera turn 
control is desirable. The main draw¬ 
back of the diffusion cloud chamber i* 
that, at best, the sensitive region is no 
more than 3 inches deep. Nevertheless 
the continuously sensitive chamber 
has found many uses, especially in 
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the study of high-energy particles ob¬ 
tained in the laboratory. 

The Bubble Chamber 

6.81. The basic disadvantage of 
condensation cloud chambers, both of 
the expansion and diffusion types, is 
that, due to the low density of the gas, 
significant phenomena are not very 
frequent. The situation can be im¬ 
proved by pressurizing the gas, as 
already noted, but it is still not 
too good. Photographic emulsions, 
described below, have much greater 
stopping power, but they have other 
limitations. In 1952, D. A. Glaser, at 
the University of Michigan, conceived 
the idea of using a superheated liquid 
to display the tracks of ionizing par¬ 
ticles, just as a cloud chamber utilizes 
a supersaturated vapor. The instru¬ 
ment based on this concept is called a 
bubble chamber because the tracks 
consist of a series of closely spaced 
hubbies, analogous to the small drop¬ 
lets of liquid in the cloud chamber. A 
liquid hydrogen bubble chamber of 
more than 500 liters capacity is 
scheduled for completion in 1958; this 
may be compared with the few hundred 
cubic centimeter volumes of the cham¬ 
bers in use two or three years before. 

6.82. Normally, a liquid will boil, 
with the evolution of bubbles of vapor, 
when the temperature reaches the boil¬ 
ing point. However, if the containing 
vessel is clean and has no rough sur¬ 
faces, it is possible to superheat the 
liquid above its boiling point without 
ebullition (or bubble formation) tak¬ 
ing place. Glaser found that when such 
u superheated liquid was exposed to nu¬ 
clear radiation, the resulting ions acted 
as nuclei for the production of small 
bubbles. The bubbles are spaced at 
something like a hundredth of an inch 
apart, or less, depending on I he specific 
ionization of the initiating parlicle, ho 


that they appear as a fairly continuous 
track which indicates the path of the 
particle. As in the cloud chamber, the 
tracks can be photographed against a 
dark background (Fig. 6.11). The sign 



Fig. 6.11. Particle tracks in liquid hydro¬ 
gen bubble chamber in a magnetic field. 
The spiral-like tracks are produced by 
low-energy electrons; for the origin of 
some of the other tracks, see § 18.92. 
(University of California Radiation Lab¬ 
oratory.) 

of the electrical charges carried by 
the particles can be determined from 
the curvature of the track in a mag¬ 
netic field. 

6.83. In the first bubble chambers, 
the liquid employed was ordinary 
(diethyl) ether, but later liquid hy¬ 
drogen, liquid nitrogen, isopentane and 
other liquids have been used success¬ 
fully for different purposes. The 
density of the liquid is about a hun¬ 
dred (or more) times as grout as the 
gas in a cloud chamber, even when 
under pressure, lienee, Ihe atopping 
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power is good and tracks, including 
those of particles of high energy, are 
reasonably short. Interesting nuclear 
events are thus of frequent occurrence. 
The earliest bubble chambers were 
quite small, having linear dimensions 
of a few inches only, but, with experi¬ 
ence, chambers of larger and larger 
size are being constructed. 

6.84. The operation of a bubble 
chamber is, in many respects, similar 
to that of an expansion cloud cham¬ 
ber. The liquid, in a smooth glass (or 
glass-walled) vessel, is compressed and 
the temperature raised to well above 
the standard boiling point. For ex¬ 
ample, isopentane, which normally 
bjoils at about 28°C (83°F), is heated 
to 157°C (315°F) at a pressure of 
roughly 23 atmospheres. The pressure 
is then suddenly released, so that the 
liquid becomes superheated. It is then 
sensitive to the passage of ionizing 
particles. Even if no such particles 
are present, boiling, with bubble for¬ 
mation, will inevitably occur within a 
short time, so that the period of sensi¬ 
tivity is brief. The liquid must then 
be cleared of ions by an electric field 
and recomprcssed before the chamber 
is again ready to operate. 

6.85. Like the expansion cloud 
chamber, the bubble chamber has the 
drawback of not being continuously 
sensitive. However, one of the most 
important applications of the bubble 
chamber has been in connection with 
devices used in the laboratory to obtain 
charged particles of very high energy. 
It will be seen in Chapter IX that 
these devices operate intermittently, 
producing short bursts of particles at 
regular intervals. The compression of 
the liquid in the bubble chamber and 
the subsequent decrease in pressure, to 
bring the liquid into the superheated 
state, can then be timed exactly to 
correspond to the entry of the charged 
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particles. A flash of light permits a 
photograph of the tracks to be taken 
on moving film. The bubble chamber 
is thus proving to be a powerful tool 
in the field of high-energy nuclear' 
physics. 

Photographic Detection 
of Ionizing Particles 

6 . 86 . In recent years there has been 
a marked revival of interest in the um 
of photographic films and plates for the 
study of ionizing particles. It will be 
recalled that the phenomenon of radio¬ 
activity was discovered by Becquerel 
because of the action of the radiations 
on sensitized plates (§ 2 . 99 ), and many 
applications of this effect have been 
made from time to time. It will be in- 
dicated in § 17.61 how photographic 
methods are used to obtain “radioauto¬ 
graphs” which provide information nit 
the distribution of radioactive 
ments in plant and animal tissue, and 
in § 19.39, the employment of film to 
determine the extent of exposure of a 
human being to radiation will be de¬ 
scribed. In the present section the 
matter to be considered is the direct 
recording on a photographic plate of 
the actual tracks of ionizing radiations, 

6.87. In 1909, 0. Mugge in Germany 
and in the following year, S. Kinoshitft 
of Japan observed that the blackened 
regions of a developed photographic 
plate, resulting from exposure to alpha 1 
particles, appeared to be made up of 
individual grains. But they failed to 
note any connection between the ar¬ 
rangement of the developed grains and 
the tracks of the particles. It was 
shortly thereafter, however, in 1911, 
that M. Reinganum in Germany 
realized that the positions of the grain* 
were related to the path of the alpha 
particle. In due course it was found 
that ionizing particles, in general, 
record their tracks in a photographic 
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emulsion, as a series of closely spaced 
black specks of silver. Because of the 
relatively high density (and stopping 
power) of the photographic emulsion, 
the tracks produced by charged par- 
licles are very short compared with 
those obtained in a cloud chamber, 
although they do not differ greatly 
from bubble tracks. The photographic 
method was employed for various 
purposes during the 1920s and 1930s, 
Imt it is only in recent years that the 
procedure has come into general use, 
largely as a result of the development 
of special “nuclear track emulsions.” 

6 . 88 . The early investigators used 
ordinary photographic plates in their 
Work, but in recent years the composi¬ 
tion of the emulsion has been changed 
no as to make it more suitable for the 
Ntudy of various ionizing particles, 
Niicli as alpha particles, protons, mes¬ 
ons and even electrons. By adding 
lioron or lithium to the emulsion, 
neutrons can also be detected (§ 11.27). 
TIk* modern emulsions contain silver 
bromide to the extent of 80 per cent, or 
iiore, of the dry weight, this being 
about ten times the quantity present 
III plates or films used for normal 
photographic purposes. The silver 
liulide grains are extremely small, 
ranging in diameter from 1 to 4 X 
10 n cm.; the larger the grain, the 
more sensitive is the emulsion to 
Ionizing radiations. Originally the 
giiiiilsmns were deposited on glass 
plates, roughly one eighth of a centi¬ 
meter thick. Now, however, stripped 
emulsions (or pellicles), as they are 
called, are available without backing. 
Knr exposure, l he films can be stacked, 
Olio on top of another, to provide a 
large sensitive volume. Continuous 
I racks can thus he observed in various 
illrccl ions. Prior to development., the 
films are separated and later recom¬ 
bined as desired. 


6.89. The tracks produced in a 
photographic emulsion are very short, 
e.g., a few thousandths of an inch for 
alpha particles from radioactive 
sources, but they can be magnified and 
photographed (Fig. 6.12). However, 



Fro. 6 . 12 . Magnified tracks in a phono¬ 
graphic plate, produced by alpha particles 
from radio!horium and its successive decay 
products. (From “Nucleonics / 1 a McGraw- 
Hill publication.) 


the general practice is to examine the 
developed film (or plate) with a 
special binocular microscope, looking 
for and measuring particular or un¬ 
usual tracks. This somewhat tedious 
procedure has become an art in which 
nontechnical personnel, with suitable 
training, have acquired considerable 
skill. 

6.90. The photographic emulsion re¬ 
sembles the Wilson cloud chamber in 
the respect that it can record individual 
events involving atomic nuclei and 
other charged particles. Further, as 
with the cloud and bubble tracks, in¬ 
formation concerning the particles 
involved can be obtained from meas¬ 
urements on the photographic tracks. 
As a general rule, it is required to 
know the mass of the particle and its 
charge and energy, and these can be 
derived from some of the following 
data: the range of the particle, the 
grain density (the number of silver 
grains per unit length of path or the 
spacing between grains when they are 
relatively far apart) and its variation 
along the track, and the small-angle 
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(Coylombic) scattering due to colli- 
: sions of the particle with nuclei in 

* the emulsion. Tracks caused by heavy, 
strongly ionizing particles have nu¬ 
merous thin, wavy tracks (or spurs) 

J projecting from their sides. These are 
called delta rays and are produced by 
electrons ejected from the nuclei in 
the path of the particle. From the 
number of delta rays per unit track 
length, the magnitude of the charge on 
the particle can be estimated. 

6.91. As compared with cloud or 
bubble chambers, photographic emul- 
■ sions have one drawback. The cham¬ 
bers can be placed in a magnetic field 
and, from the resulting bending of the 
tracl£, the sign of the electrical charge 
is immediately evident. In addition, 

• the momentum of the particle can be 
determined if required from the curva¬ 
ture of the track. By the use of very 
strong magnetic fields, the deflection 
of long (but not short) tracks in 
photographic emulsions has been ob- 
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served. This gives the sign of the 
charge, but the large amount of scat¬ 
tering makes the deflected tracks use¬ 
less for calculation of momentum. 

6.92. In addition to the high stop¬ 
ping power of emulsions, which in¬ 
creases the frequency of interesting 
events involving penetrating (high- 
energy) particles, an advantage of the 
photographic technique is its simplic¬ 
ity. Further, the emulsion is continu¬ 
ously sensitive, so that it is always 
available to record an event. These 
two favorable factors are offset, to 
some extent, by the numerous and 
complex track patterns which may 
result from an appreciable exposure, so 
that it is often difficult to discover and 
identify particular nuclear events. 
There are many investigations in nu¬ 
clear physics in which photographic 
emulsions play an important part, not 
the least of these being studies of 
cosmic rays and mesons (see Chap¬ 
ter XVIII). 






Properties of Nuclear Radiations 

Chapter VII 

THE PROPERTIES OF ALPHA RADIATIONS 


Range of Alpha Particles 

7.1. In the preceding chapter the 
various methods for studying alpha, 
beta and gamma rays were described. 
It is appropriate, now, to return to a 
consideration of the properties of these 
nuclear radiations. It can be seen from 
Fig. 6.9, which is a cloud chamber pho¬ 
tograph of the alpha particles emitted 
by the natural radioelement polonium, 
that the tracks are nearly all of the 
same length. It is thus said that alpha 
particles from a given source have a 
constant range , over which they are 
capable of producing ionization of the 
air through which they pass. 

7.2. The process of ionization re¬ 
quires the expenditure of energy by the 
alpha particle—approximately 33.5 
electron volts (§ 6.4) for each ion-pair 
formed—and so toward the end of its 
path the energy, and hence the speed, 
of the particle will have been greatly 
reduced. In these circumstances there 
is a considerable probability that first 
one and then two electrons will adhere 
to the alpha particle, which is a bare 
helium nucleus, i.e., He++ (§4.30), 
and thus convert it first to He+ and 
then into a neutral helium atom. The 
neutral atom has no ionizing power, 


and hence the condensation of water 
droplets in the cloud chamber no 
longer takes place. The range of an 
alpha particle may then be defined as 
the distance it can travel through air 
under standard conditions, usually a 
temperature of 15°C and a pressure of 
1 atm., from its source to the point at 
which it can no longer produce appre¬ 
ciable ionization. 

7.3. Even before the invention of the 
cloud chamber provided a means for 



DISTANCE FROM SOURCE ICMI R 

Fig. 7.1. Bragg curve showing number 
of ion-pairs detected at various distances 
from a source of alpha particles. 

obtaining a picture of alpha-particle 
tracks, W. H. Bragg in England had 
produced evidence that these particles 
have a definite range. In 1904 he re- 
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ported the results of an investigation, 
made by means of an ionization cham¬ 
ber, of the specific ionization, i.e., the 
number of ion-pairs per unit length of 
its path (§ 6.3), of an alpha particle in 
air at various distances from its source. 
When plotted on a graph and a line 
drawn through the points, a curve such 
as that in Fig. 7.1, frequently known as 
a Bragg curve, was obtained. Although 
the values for the points on the curve 
vary with the nature of the alpha- 
emitting radioelement, the shape of the 
curve is quite characteristic. As the 
distance of the alpha particle from its 
source increases the specific ionization 
increases, at first slowly and then more 
rapidly, reaches a maximum and then 
drdps sharply almost to zero. The dis¬ 
tance corresponding to the point R in 
Fig. 7.1 represents the (extrapolated) 
range of the alpha particles from the 
given radioelement. 

7.4. It is not difficult to account, in a 
general way, for the shape of the Bragg 
curve. While the alpha particle trav¬ 
erses its path, producing ion-pairs as 
it proceeds, its energy, and conse¬ 
quently its speed, steadily diminishes. 
Because it moves more slowly, it 
spends more time in the vicinity of 
each of the molecules of the air which 
it encounters in its path and so the 
probability of removing an electron, 
and producing an ion-pair, increases. 
The specific ionization thus increases 
steadily, at first, as the alpha particle 
moves away from its source. Ulti¬ 
mately a point is reached when elec¬ 
trons attach themselves to the particle 
and convert it into a neutral atom 
which cannot cause ionization of the 
air, and so the specific ionization falls 
abruptly. 

7.5. The reason why the end portion 
of the curve is not vertical, but slopes 
slightly to the right, and may even 
have a slight “tail,” is that the alpha 


Atomic Energy Chap. VII 

particles do not all lose exactly the 
same amount of energy in their encoun¬ 
ters with the molecules in their path. 
Hence, they do not all cease to produce 
ionization at precisely the same dis¬ 
tance from their source. This slight 
variation in the range, frequently re¬ 
ferred to as straggling, is also partly 
due to the formation of He+ ions, by 
the attachment of one electron to some 
of the alpha particles. These ions still 
possess ionizing power, and hence they 
cause a slight extension of the range 
before they take up a second electron 
and become neutral atoms. 

7.6. Another way of studying the 
range of alpha particles is to determine 
the number which can be counted at 
various distances from the source. For 
this purpose the latter may be placed 
on one plate (electrode) of an ioniza¬ 
tion chamber (§ 6.14) and counts taken 
with the other plate at various dis- 



Fig. 7.2. Rate at which alpha particles 
can be detected at various distances from 
a source. 

tances away. Alternatively, a scintil¬ 
lation counter, such as a zinc sulfide 
screen, can be employed (§6.43). If 
the counting rate, say in pulses or scin¬ 
tillations per second, is plotted against 
the distance from the radioactive 
source, the result will be of the form 
shown by the curve in Fig. 7.2. Up to 
a certain distance the counting rate re¬ 
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mains essentially constant, and then it 
drops sharply to zero, apart from slight 
straggling. The extrapolated range is 
again indicated by the point R; at 
greater distances the alpha particles 
can no longer be detected.* Where 
cloud chamber studies have been made, 
the ranges observed are in close agree¬ 
ment with those obtained from direct 
ionization or counting measurements. 

7.7. The extrapolated ranges, in air 
at 15°C and 1 atm. pressure, of the 
alpha particles from a number of radio- 
elements are recorded in the accom¬ 
panying table. For a reason which will 
soon be apparent, the half lives are 
also included. The ranges are seen to 
vary from 2.8 cm. for thorium, the 
longest lived, to 8.6 cm. for thorium 
C', which has the shortest life of the 
natural radioelements. The significance 
of this inverse relationship between the 
half lives of alpha particle emitters 
and the ranges of the particles will be 
considered below. 


Ranges and Half Lives of 
Alpha Particle Emitters 


Radioelement 

Range 

Thorium (Th 232 ) 

2.8 cm. 

Radium (Ra 220 ) 

3.3 

Uadiothorium (Th 228 ) 

3.9 

R adium A (Po 21B ) 

4.6 

Thorium A (Po 216 ) 

5.6 

Radium C' (Po 214 ) 

6.9 

Thorium C' (Po 212 ) 

8.6 


Half Life 
1.39 X 10 10 yr. 
1620 yr. 

1.9 yr. 

3.0 min. 

0.16 sec. 

1.6 X 10“ 4 sec. 
3.0 X 10 -7 sec. 


Stopping Power 


7.8. It was mentioned in Chapter II 
(§§2.102, 2.111) that alpha particles 
arc unable to penetrate a few sheets of 
paper or a thin aluminum foil, yet they 
can travel through several centimeters 
of air. It is evident, therefore, that dif¬ 
ferent materials permit the passage of 


alpha particles to different extents. 
The same general conclusion can be 
drawn from the statement in § 6.89 
that the tracks produced by alpha par¬ 
ticles in a photographic emulsion are 
only a few thousandths of an inch in 
length; in a cloud chamber, on the 
other hand, the alpha particle tracks 
are usually from 1 to 3 inches long. 
The range of an alpha particle thus 
depends on the medium through which 
it travels. 

7.9. A quantity called the stopping 
power of the medium has been defined 
as the rate of loss of energy by an 
alpha particle per unit distance as it 
travels through the medium. For prac¬ 
tical purposes, however, it is more con¬ 
venient to employ the relative stop¬ 
ping power; thus for any material, 


Relative stopping power 
_ Range of alpha par tide in air 

Range of alpha particle in material 


(7.1) 


the same source of alpha particles be¬ 
ing used in both instances. Actually 
the relative stopping power depends to 
some extent on the source of the parti¬ 
cles, but an approximate average value 
is generally employed. By finding the 
thicknesses of thin metal foils and of 
other substances, such as mica, which 
will just prevent the passage of alpha 
particles of known range in air, the 
relative stopping powers of these mate¬ 
rials can be determined. Some of the 
values obtained in this way are as fol¬ 
lows: 


Mica Aluminum Copper Gold 
2000 1700 3800 4900 

7.10. In many studies of the absorp¬ 
tion (or stopping) of nuclear radia¬ 
tions by various media, it is often the 


♦The extrapolated range in Fig. 7.2 iu slightly different from I hut. in Fig. 7.1, lull the die- 
rrepancy is no more than a fracihm of n mm. and can 1 1 ignored for proven I purposes A 
mmn mnge, corresponding approximnlely to l.hc> middle of the rapidly descending portion of 
I'lg. 7.2, la sometimes recorded; it in about 1.3 per cent \vh» than (hr ixlhipolaled range in 
Uin same figure. 
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practice to make use of a quantity 
which is the product of the thickness 
bf the material, e.g., in cm., and its 
density, e.g., in gram per cc. The re¬ 
sult is the mass per unit area, i.e., 
grams per sq. cm., which is equivalent 
to a ■ certain thickness. It has been 
variously called the areal density, the 
thickness-density or the equivalent 
thickness.* In connection with the ab¬ 
sorption of alpha (or beta) particles, 
especially, ranges expressed in grams/ 
cm. 2 are relatively small for solid 
materials, and so the result is multi¬ 
plied by 1000 to give the equivalent 
thickness in milligrams per sq. cm., 
i.e., in mg./cm. 2 Hence, the equivalent 
thickness, for present purposes, may 
be defined by 

Equivalent thickness (mg./cm. 2 ) 

; = Actual thickness (cm.) X density 

• (grams/cm, a ) X 1000. 

7.11. The equivalent range, in mg./ 
cm. 2 ,' of an alpha particle in any me- 
diumHs thus obtained upon multiplying 
‘the range in that medium by its den¬ 
sity and 1000. It follows, therefore, by 
combining this result with equation 
(7.1), that the thickness of the mate¬ 
rial which is - equivalent in stopping 
power to 1 cm. of air is given by 

Thickness in mg./cm. 2 equivalent to 

„ „ . Density X 1000 

1 cm. ot air = —-—:---——. 

Relative stoppmg power 

The values of this thickness for the 
substances whose stopping powers 
were given above are then as follows: 

Mica Aluminum Copper Gold 
, 1.4 1.59 2.35 3.95 mg./cm. 2 

This means that with aluminum, for 
, example, a piece 1 sq. cm. in area of a 
sheet which has the same effect as 1 
cm. of air in slowing down alpha parti¬ 
cles weighs 1.59 milligrams, whereas 
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1 sq. cm. of an equivalent sheet of gold 
will weigh 3.95 milligrams. 

7 .12. From the conclusions concern¬ 
ing the stopping powers of various ele¬ 
ments reached by W. H. Bragg in 
1905, it can be shown that the equi¬ 
valent thickness as defined above 
should be proportional to the square 
root of the atomic weight of the ele¬ 
ment. Thus, it is possible to state, as a 
fair approximation, that the thickness 
in mg./cm. 2 equivalent to 1 cm. of air 
in the absorption of alpha particles is 
equal to 0.30A 1/2 , where A is the 
atomic weight in the case of an ele¬ 
mental substance, or the average of 
the atomic weights of the constituent 
elements for a compound material. 
This result is useful for calculating 
the extent of absorption of alpha parti¬ 
cles in various media for which experi¬ 
mental data are not available. 

7.13. In the study of alpha particles, 
and other radiations, it is customary 
to use thin sheets of metal foil, par¬ 
ticularly of aluminum, as the absorber 
in place of air. The equivalent range 
in the metal can then be readily de¬ 
termined by weighing a piece of known 
area of the foil which can just stop 
the alpha particles. The actual range 
of the particles in the given material 
or in air can be calculated as follows. 
Suppose it has been found that an 
aluminum foil, weighing 4.32 milli¬ 
grams per sq. cm., is required to stop 
the alpha particles from a given source. 
The equivalent range in aluminum is 
thus 4.32 mg./cm. 2 , and, since the 
density of aluminum is 2.70 grams per 
cc, the actual range is found to be 
4.32/(2.70 X 1000), i.e., 1.60 X 10“ a 
cm. To obtain the range of the alpha 
particles in air, the equivalent range in 
aluminum is divided by the thickness 
of aluminum equivalent to 1 cm. of 


*The same quantity is frequently referred to merely an the “thickiym” The units, e.g., 
grams/cm.*, indicate that it is really the actual thickness multiplied by the density. ' 
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air, i.e., by 1.59 mg./cm. 2 Thus, in the 
case under consideration,, the range in 
air would be 4.32/1.59 = 2.72 cm. Al¬ 
ternatively, since the stopping power 
of aluminum, relative to air, is known 
to be 1700, the actual range in air is 
equal to the range in aluminum, 
i.e., 1.60 X 10 -3 , multiplied by 1700, 
i.e., 2.72 cm. The method of calcula¬ 
tion used in any particular case will 
depend on which data are more readily 
available. 

Velocity, Energy and Range 
of Alpha Particles 

7.14. The direct measurement of the 
energies of alpha particles is made by 
determining the radius of their circular 
path in a magnetic field. As stated in 
§ 2.43, the equation (2.8), which re¬ 
lates the charge e, carried by a parti¬ 
cle of mass m, to the velocity v and 
the radius of curvature r of the path 
in a magnetic field of strength H (see 
Fig. 2.2), is applicable to any charged 
particle. For the present purpose it 
can be rearranged to take the form 

v = - Hr, (7.2) 

m 

and since the charge on an alpha parti¬ 
cle is known to be twice the unit elec¬ 
tronic charge, and the mass is that of 
a helium nucleus, i.e., a helium atom 
minus two electrons, the evaluation of 
flic velocity requires only the determi¬ 
nation of the radius r of the path of 
the particle in a magnetic field of 
strength H. 

7.15. The experimental arrangement 
used for this purpose, known as a 180° 
magnetic spectrograph } is shown dia- 
grammatically in Fig. 7.3. The radio¬ 
active source is placed at R and the 
alpha particles emerge in a narrow 
beam through the slit & As already 
seen, air slows down the alpha parti¬ 
cles ami hu the apjmrulns is evacuated 


by pumping out the air. A magnetic 
held of known strength, which acts in 
a direction perpendicular to the plane 
of the diagram, is then applied, and 
the alpha rays are bent through an 
angle of 180° so that they fall on a 



Fig. 7.3. Diagrammatic representation of 
a magnetic spectrograph. 

photographic plate at P. From the 
position of the trace produced where 
the particles strike the plate the radius 
of curvature of the path can be de¬ 
termined, and hence the velocity of 
the particles can be calculated from 
equation (7.2). 

7.16. In recent years the magnetic 
spectrograph has been improved by 
replacing the photographic plate by a 
suitable alpha-particle counter, the 
position of which is fixed, say at the 
point P. The magnetic field is then 
varied until the counter shows that the 
particles emerging from 5 are reaching 
P, and are then traversing a path of 
known radius. In the older, photo¬ 
graphic method the magnetic field was 
constant, and the path radius was dif¬ 
ferent for alpha particles of different 
energies; in the newer modification, 
which is simpler and more accurate, 
the radius of the path is constant but 
the field H is varied so as to make par¬ 
ticles of different energies follow the 
given path. 

7*17. The energy of an alpha parti¬ 
cle is essentially kinetic in nature, that 
is to say, it is due almost entirely to 
the motion of the particle. Hence the 

energy of an alpha particle may be 
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taken as equal to y^mv 2 (§3.5), 
where, as above, m is its mass and v 
its speed.* It is for this reason that 
measurements of the velocity of alpha 
particles, as described above, are often 
referred to as energy determinations. 
The mass of an alpha particle on the 
atomic weight scale is 4.0028, and 
hence the mass of a single particle in 
grams is obtained upon dividing by 
the Avogadro number, 6.02 X 10 23 
(§ 1.57); the result is 6.65 X 10 -24 
gram. If the velocity v is expressed in 
cm. per sec., the kinetic energy of an 
alpha particle is % X 6.65 X 10 _24 f 2 
ergs. Making use of the conversion fac¬ 
tor given in § 3.33, this becomes 2.08 
X lO -18 ^ 2 Mev, with v still in cm. per 
sec.' The initial velocities of alpha 
particles from radioactive sources vary 
from about 1.4 X 10 9 to 2.2 X 10 9 cm. 
per sec., and so the corresponding en¬ 
ergies lie in the range between 4 and 
10 Mev. 

7118. The size of the pulse produced 
by an alpha particle in an ionization- 
chamber counter coupled with a linear 
amplifier is a direct measure of the 
number of ion-pairs formed, and hence 
of the energy of the particle. This has 
been utilized in conjunction with the 
pulse analyzer, described in § 6.15, to 
determine the energies of alpha parti¬ 
cles from a given source. To the source 
may be added small amounts of ra¬ 
dioelements which emit alpha particles 
of known energies, or the instrument 
may be independently standardized 
with these substances. The analyzer 
then sorts out the pulses produced by 
the particles from the different sources, 
and, by noting which of the record¬ 
ing instruments respond, the unknown 
alpha-particle energies can be esti¬ 
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mated from those which are known. 

7.19. In 1910, H. Geiger, at that 
time in Rutherford’s laboratory in 
Manchester, England, made some 
measurements of the relative speeds of 
alpha particles from radium C after 
they had passed through various thick¬ 
nesses of mica of known stopping 
power relative to air. From the results, 
he concluded that the velocity v of the 
alpha particle at any point at a dis¬ 
tance x from the source could be ex¬ 
pressed by the equation 

w 3 = a(R - x), (7.3) 

where R is the usual range of the parti¬ 
cles, as described in § 7.2, and a is a 
constant. If x, the distance from the 
source, is set equal to zero, the corre¬ 
sponding velocity, represented by t> 0 , 
will be the initial velocity of the alpha 
particles at the source, and then equa¬ 
tion (7.3) becomes 

vl = aR . (7.4) 

This relationship, known as the Geiger 
formula , although derived from meas¬ 
urements on a single substance, radium 
C, was later found to be generally ap¬ 
plicable to alpha particles from vari¬ 
ous sources, the constant a having the 
same value, namely, 1.03 X 10 27 , in all 
cases, provided the initial velocity v 0 
is given in cm. per sec. and the range 
R in cm. of air; thus, 

v% = 1.03 X 10 21 R. (7.5) 

There is consequently a direct connec¬ 
tion, as might have been expected, be¬ 
tween the velocity with which an alpha 
particle is ejected from its source, and 
the distance it can travel before losing 
its ability to produce ionization in air. 


*The mass implied here is the ordinary or rest mans, which may he uwd provided v dnrs 
not approach the velocity of light (5 3.69). Since the Hpeed.N of nlplm pm'liHcn expelled in 
radioactive changes rarely, if ever, exceed one tenth of Hie mpcrd of ligld. this condition in 
satisfied. The modification nccofluary for pnrl.irloH of hiith vrlnrily if* given by niunlinn (3,9). 
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7.20. The energy E of an alpha par¬ 
ticle, in Mev, is related to the velocity 
by E — 2.08 X as seen above; 

hence it can be shown from equation 

(7.5) that 

E 3 0 /2 = 3.09K or E 0 = 2.12 R 2/3 , (7.6) 

where E 0 is the initial energy of the 
alpha particle in Mev, and R is its 
range in cm. of air. From equation 

(7.6) it is possible to obtain a moder¬ 
ately accurate estimate of the energy 
of an alpha particle at its source, pro¬ 
vided the range has been measured. 
Thus the alpha particles from radium 
have a range of 3.29 cm. of air, and 
upon substituting this figure for R in 
equation (7.6), the initial energy is 
calculated to be 4.70 Mev, the directly 
measured value being 4.79 Mev. 

7.21. Actually, the Geiger formula 
and its equivalent equations (7.5) and 
(7.6) are approximate, at best, and in 
any event they are applicable only for 
alpha particles with ranges of from 3 
to 7 cm. of air. At lower ranges R is 
approximately proportional to v\ /2 and 
an d at higher ranges to v% and 
Ef y As a result of experimental investi¬ 
gations of the ranges and velocities, or 
energies, of alpha particles, and from 
theoretical considerations, curves have 
been constructed which give the ener¬ 
gies of alpha particles as a function 
of their respective ranges. By means of 
these curves the energy of an alpha 
particle of known range can be esti- 
i n ated quite accurately. Such curves 
have found many uses, some of which 
will be indicated in Chapter X. 

The Geiger-Nuttall Rule 

7.22. It was pointed out in § 7.7 that 
the longest-lived radioelements emit 
alpha particles with the shortest 
ranges, whereas the elements of short 
life expel particles having long ranges, 
Tim possibility that a connection 


might exist between the life period of 
an alpha-active element and the range 
of the particles emitted was suggested 
by Rutherford in 1907, and four years 
later, when sufficient data had become 
available, an approximate relationship 
was brought to light by H. Geiger and 
J. M. Nutt all. These workers showed 
that if the logarithm of the alpha-par¬ 
ole range in air, i.e,, log R , is plotted 
against the corresponding value of the 
logarithm of the radioactive decay 
constant, i.e., log A, for a number 
of radioelements, an approximately 
straight line is obtained for each radio¬ 
active series. The Geiger-Nuttall rule , 
as it is called, is thus represented 
mathematically by the expression 

log X = A log R + B, (7.7) 

where A is the decay constant of the 
radioelement emitting alpha particles 
of range R ; the constant A is the slope 
of the straight line, which is virtually 
the same for each series, but the values 
of B are different. 

7.23. Alternative forms of the Gei¬ 
ger-Nuttall rule can be derived from 
equation (7.7) by utilizing the rela¬ 
tionship between the decay constant 
and the half life, e.g., equation (5.9), 
on the one hand, and between the 
range and the energy of the alpha par¬ 
ticles, e.g., equation (7.6), on the 
other hand. These require that a 
straight line be obtained when the 
logarithms of the decay constants of 
radioelements are plotted against the 
logarithms of the alpha-particle en¬ 
ergies, or the logarithms of the half 
lives against the logarithms of either 
the ranges or the energies. Thus, for 
example, 

log X = % A log E 0 + B f , (7.8) 

where A has the same value as in equa¬ 
tion (7.7) and B ' is a constant for each 
radioactive series. Because of the 
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limited applicability of the Geiger- 
Nuttall equation (7.7), these pl° M 
usually show a slight curvature and 
some points lie above and some below 

th< 7 24 When Geiger and Nuttall pro¬ 
posed the general rule considered 
above, in 1911, they based their con¬ 
clusions on measurements made on 
seventeen alpha-active radioe ements^ 
qince that time additional alpha 
Sets, making a total of about 
thirty have been found to occur m | 
nature. But, more important, some¬ 
thing like a hundred others have been 
obtained since 1940 by means of vari¬ 
ous nuclear reactions, as will be de¬ 
scribed in Chapter XVI. Conse¬ 
quently, a considerable amount of in¬ 
formation is now available for relating 
decay constants (or half lives) to 
alpha-particle ranges (or energies). 
The Geiger-Nuttall rule thus appears 
to be a restricted and approximate 
aspect of a much broader generaliza¬ 
tion which will be discussed later 
(§16.102). 

Theory of Alpha-Particle 
Emission 

7 25. In reporting their correlation 
between the life of a radioelement and 
the range of the alpha particles emit¬ 
ted, Geiger and Xuttall wrote: The 
connection . . . between the period and 
the range is at present only empirical, 
but it may depend on some simple re¬ 
lation which may ultimately be 

brought to light.” It is true that sev¬ 
eral years later a theoretical relation 
between the life of a radioelement and 
the energy of the alpha particle was 
developed, but the approach vas Ear 
from simple, as will soon be apparent. 

7 26. In experiments on the scattei- 
ing of alpha particles, such as those de¬ 
scribed in § 4.7. it was found that even 
Hie fastest of such particles from ra¬ 


dioactive sources, having an energy 
10 Mev, are repelled by atomic nuc . 
However, the more energetic the parti¬ 
cle the more closely can it a PP roac 
the nucleus before it is turned back. 
This conclusion applies to all nucle , 
including those of radioactive atoms 
Although alpha particles are preventer 
by repulsion from entering the nucleus 
from outside, it is an undoubted fact 

that radioactive nuclei emit alpha pa - 

tides, so they must be able to exist, at. 
least for a short time, within such nu¬ 
clei The interactions between a rad - 
active nucleus and an alpha particle, 
le and inside the nuelens. can he 
represented pictori.lly by a PJ » -»! 
energy curve such as that in Big. ■ 



Fig 7 4 Potential energy curve (hH I 
iiothetical) for interaction between an| 
Atomic nucleus and an alpha particle. 

The rising portion of the curve from! 
A to B indicates increasing repu sio I 
of an alpha particle as it approve j 
I the nucleus. On the other hand, the! 
sharp fall from B to C, which is essen-l 
fal v the region within the nucleus! 

topL attraction of the alpha partrclj 

by the nucleons m the nucleus. 1 
7 27. Calculations have shown thaU 
the point B, at the maximum of thj 
curve, corresponds to an energy .4 
about 25 Mev, for an element of luglj 

tmic number. Hence, it may be con! 

eluded that an a pha part d ojnM 
energy less than this amount 1 
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repelled if it approaches the nucleus 
from outside, i.e., from right to left of 
the diagram. An alpha particle with 
energy E , about 10 Mev, approaching 
the nucleus, as shown in Fig. 7.4, will 
be turned back when it reaches a dis¬ 
tance from the center of the nucleus 
corresponding to the point D. An en¬ 
ergy of at least 25 Mev would be 
necessary for the alpha particle to 
reach the nucleus without suffering 
repulsion. 

7.28. Scientists often speak of the 
conditions represented by Fig. 7.4 as 
being due to a potential barrier , since 
something analogous to a barrier is 
preventing the entry of alpha particles 
into the nucleus. However, it must be 
clearly understood that the term “bar¬ 
rier” is used in a figurative sense only; 
it is not meant to imply the existence 
of a material barrier, but rather of re- 
1 >ulsive forces which are equivalent 
to a barrier. It is important to appre¬ 
ciate this point, because the shape of 
I lie potential energy curve, and hence 
that of the figurative “barrier,” varies 
with the nature of the particle ap¬ 
proaching the nucleus. When the par- 

I icle is a proton, for example, the “bar¬ 
rier” is much lower than for an alpha 
particle, and when it is a neutron, the 
"harrier” is virtually not existent. In 
oilier words, the force of repulsion be¬ 
tween a nucleus and a proton is less 

■ hail for an alpha particle, while there 
In essentially no repulsion between a 
Nucleus and a neutron. 

7.29. So far there appears to be no 
objection to the foregoing discussion, j 
fell! a more careful examination reveals 

II difficulty. If an alpha particle must 
Imve an energy equal to, or greater 
Umn, that corresponding to the maxi- 
Imiiiii point B of the potential energy 
Wlirve, i.e., 25 Mev, to get into the 
hUt'IniM from outside, then an alpha 
|NH'tleIe from the interior of the nu¬ 


cleus should have at least the same 
amount of energy to escape. That is 
to say, if a potential barrier prevents 
the access of alpha particles from out¬ 
side the nucleus, the same barrier 
should prevent the emission of parti¬ 
cles from the interior. It is surprising, 
therefore, to find that alpha particles 
are produced from radioactive sources 
with energy as low as 4.0 Mev, and for 
no natural radioelement does the 
alpha-particle energy exceed 10.6 Mev. 

7.30. Classical mechanics provided 
no explanation of this state of affairs, 
but in 1928 the English physicist R. W. 
Gurney in collaboration with E. U. 
Condon of the United States, and the 
Russian-born G. Gamow independ¬ 
ently showed that the paradox could be 
resolved by means of the then newly- 
developed wave mechanics (§3.50). 
According to classical theory, an alpha 
particle inside the nucleus cannot sur¬ 
mount the barrier and escape if its 
energy is less than 25 Mev, but wave 
mechanics requires there should be a 
definite, if small, probability that such 
a particle from the interior will be 
found outside the nucleus. In other 
words, there is a definite probability 
that the alpha particle will escape 
from the nucleus even when its energy 
is less than that of the top of the 
hypothetical barrier. If the energy of 
the particle is equal to (or exceeds) 
the value at the top of the barrier then 
the probability of escape amounts, of 
course, to a certainty, according to 
both classical and wave-mechanical 
theories. 

7.31. By using the equations of wave 
mechanics, a complex expression can 
be derived for the probability that an 
alpha particle of given energy will es¬ 
cape when it reaches the exterior sur¬ 
face of the nucleus. In general, it can 
be said Hint this probability is greater, 
the larger the energy of the-alpha par- 
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tide relative to the top of the harrier, 
and the smaller the “thickness" of the 
barrier at the point corresponding to 
the given energy value. It can be seen 
from Fig. 7.4 that the higher the en¬ 
ergy the less the thickness of the bar¬ 
rier; hence, both factors influencing the 
■ escape probability operate in the same 
direction. It follows, therefore, that 
the greater the energy of the alpha 
particle in a radioactive atom, the 
more likely is it to be found outside the 
nucleus. This is the fundamental basis 
of the fact that radioelements which 
disintegrate rapidly emit alpha parti¬ 
cles of high energy and long range, 

, whereas the long-lived elements pro¬ 
duce particles of relatively low energy 
and short range (§7.19 et seq .). 

7.32. An approximate value of the 
frequency with which alpha particles 
reach the exterior surface of the nu¬ 
cleus; can be obtained upon dividing 
the radius of the nucleus by the esti¬ 
mated speed of the alpha particle. If 
this frequency, expressed as the num¬ 
ber per second, is multiplied by the 
probability of escape, the result will 
give the frequency with which alpha 
particles actually escape; this is equiv¬ 
alent to the radioactive decay constant 
A, in reciprocal-second (sec. -1 ) units. 
It will be apparent from what has al¬ 
ready been stated that the value of A 
will, in general, be larger the greater 
the energy of the alpha particle. By 
making a number of simplifying as¬ 
sumptions, the wave-mechanical treat¬ 
ment leads to a relationship between 
the decay constant A and the energy of 
the alpha particle which is somewhat 
similar to the Geiger-Nuttall rule in 
the form of equation (7.8). It may be 
remarked in this connection, that in 
order to make the theoretical equations 
fit the experimental results, the effec¬ 
tive radius of the nucleus must be 
taken as approximately equal to 1.5 X 
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cm., where A is the atomio 
weight (mass number) of the radio¬ 
element (see §4.19). 

7.33. An interesting conclusion from 
the wave-mechanical theory of alpha 
decay is that, for elements of high 
atomic number, such as the naturally 
occurring radioelements, the energy of 
the alpha particle must be at least 3.8 
Mev if the decay constant is to be 
greater than 10 -20 sec. -1 (half life 
less than 10 12 years). Smaller decay 
constants (or longer half lives) will 
mean that radioactive disintegration 
is so slow as to be undetectable. Of 
the heavy radioelements, thorium, with 
a half life of 1.39 X 10 10 years, emits 
the alpha particle with the lowest en- 
ergy, 4.0 Mev. It is possible, however, 
that other alpha-particle emitters, of 
longer half life, may exist, but present 
experimental methods are not ade¬ 
quate for their detection. 

7.34. In view of the probability of 
the escape of alpha particles from ra¬ 
dioactive nuclei even when their energy 
is insufficient to surmount the barrier, 
it might be argued that there should be 
a similar probability that alpha parti¬ 
cles from outside with the same amount 
of energy should be able to reach the 
nucleus without being repelled. This 
argument is completely justifiable, and 
there is no doubt that such penetration 
does take place in the bombardment 
processes which cause nuclear rear¬ 
rangements (Chapter IX). 

7.35. It is instructive, however, to 
calculate the probability of an alpha 
particle escaping from, and of return¬ 
ing to, an atomic nucleus. The radius 
of a nucleus is about 10 -12 cm., and the 
speed of an alpha particle moving in 
the nucleus is perhaps 10 8 cm. per sec. 
Consequently, as a rough approxima¬ 
tion, an alpha particle will find itself at 
the exterior surface of the nucleus 10 8 / 
10 -12 , i.e., 10 20 , times per second. Upon 
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multiplying this frequency by the es¬ 
cape probability, the result will give 
the decay constant A, in sec. -1 units, as 
seen above. The actual values of A 
vary from roughly 10 7 sec. -1 for tho¬ 
rium C' to 10 -18 sec. -1 for thorium; 
hence, the probability of escape ranges 
from 10 -13 to 10 -38 . This means that, 
even with the very short-lived radio¬ 
element thorium C', an alpha particle 
in the nucleus, with an energy of about 
9 Mev, makes on the average 10 13 at¬ 
tempts before it succeeds in escaping. 
For thorium, in only one attempt in 
10 88 does the alpha particle, of energy 
about 4.0 Mev, leave the nucleus. 

7.36. It is because of the very large 
number of escape attempts made by 
the alpha particle, i.e., the large num¬ 
ber of times it reaches the exterior 
surface of the nucleus, namely, about 
10 20 times per second, that radioac¬ 
tivity is an observable phenomenon. 
When a nucleus is bombarded by alpha 
particles from outside, however, the 
number of attempts at entry is very 
much less, and hence the effects are 
not so marked, although the probabil¬ 
ity of entering the nucleus is the same 
as the probability of escaping, for the 
same energy value. 

Alpha-Particle Spectra 

7.37. It has been assumed, so far, 
that all the alpha particles from a 
given source have virtually the same 
range and energy, but this is not 
strictly the case. It is generally true 
that a large proportion, if not all, the 
particles have identical energies, but 
in some instances particles with dif¬ 
ferent energies have been detected* 
The presence of a very small number 
of particles of exceptionally high 
energy was observed by E. Rutherford 
and A. B. Wood in 1916 in the radi- 

* The data in the table in § 7.7 refer to th< 
any given source. 


ations from thorium active-deposit, 
probably originating from thorium C'. 
Three years later Rutherford noted 
that similar long-range particles were 
emitted from radium active-deposit. It 
was not until 1930, however, that S. 
Rosenblum, in France, proved defi¬ 
nitely by means of a magnetic spectro¬ 
graph, similar to that described in 
§ 7.15, that the alpha particles from 
thorium C, all of which had been 
thought to have the same energy, 
actually consist of a number of groups 
of particles, with slightly different 
energies. 

7.38. Since that time, several physi¬ 
cists have made detailed studies of 
the distribution of energy among the 
alpha particles from a number of 
radioelements. In a few cases, the par¬ 
ticles were found to be monoenergetic, 
all having essentially the same energy, 
but in many instances there was a 
definite alpha-particle spectrum, con¬ 
sisting of two or more discrete groups 
—possibly as many as thirteen for 
radium C'—of different energies. A 
simple example is provided by tho¬ 
rium C which emits six groups of alpha 
particles whose energies are 6.086, 
6.047, 5.764, 5.622, 5.603 and 5.478 
Mev, respectively; the first group con¬ 
stitutes 27.2 per cent and the second 
69.8 per cent, so that these two to¬ 
gether make up 97 per cent of the 
total. 

7.39. The occurrence of alpha-par¬ 
ticle spectra can be accounted for by 
the existence of definite energy levels 
in atomic nuclei, as stated in § 4.83. In 
a radioactive disintegration the nucleus 
of the parent element, thorium C, for 
example, is almost invariably in its 
lowest energy state, but the nucleus 
of the daughter element, thorium C", 
formed as a result of the emission of 

main proportion of the alpha particles from 
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an alpha particle, may he either in its 
lowest (ground) state or in any one of 
five higher (excited) levels. The en¬ 
ergy of the alpha particle thus de¬ 
pends on the energy levels of the 
parent and daughter nuclei involved in 
the disintegration. The six groups of 
; particles observed for the transition 
from thorium C to thorium C" are in¬ 
terpreted in this manner, as shown in 
Fig. 7.5, and the alpha-particle spectra 


THOftlUM C 



Fig. 7.5. Explanation of alpha-particle 
spectrum from thorium C. 

of oliher radioelements can be ex¬ 
plained similarly. The transition to the 
second level of thorium C" is evidently 
the most probable, since the largest 
proportion of alpha particles have the 
energy corresponding to this particular 
change. 

' 7.40. When the nucleus of the daugh¬ 
ter element in a radioactive transition 

THE PROPERTIES 0 
Beta-Pabticle Energies 

7.42. It will be recalled that, whereas 
alpha particles are positively charged 
and have a mass of about 4 on the 
atomic weight scale, beta rays con¬ 
sist of electrons, so that they are very 
light, negatively charged particles. 
Apart from these distinctions, there 
is a highly important respect in which 
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is formed in an excited state, it can 
change to a lower energy state by tho 
emission of radiation. This appears 
as gamma rays, as will be explained 
in § 7.101. The fact that there is an 
almost exact correlation between the 
energies of the groups of alpha parti¬ 
cles and the energies of the gamma 
rays is strong confirmation for the fore¬ 
going explanation, based on nuclear 
energy levels. Some reference will be 
made later to the circumstances which 
lead to gamma-ray emission and, 
hence, to groups of alpha particles. 

7.4 L In two or three instances, such 
as, thorium C f and radium Ca very 
small proportion of highly energetic 
alpha particles are due to the parent 
nucleus being in an excited energy 
state, whereas the daughter element, 
thorium D and radium D, respectively, 
is in its lowest (ground) level. The 
circumstances are here somewhat ex¬ 
ceptional. An appreciable amount of 
thorium C' is formed in an excited 
state upon decay of its parent, but 
the product has such an extremely 
short half life—3 X 10~ 7 sec.—that 
about one nucleus in a million will 
disintegrate to thorium D straight 
from the excited state before it has an 
opportunity to emit the excess energy 
as gamma radiation. Similar consider¬ 
ations apply to the disintegration of 
radium C', which has a half life of 
1.6 X 10 -4 sec. 

f 1 beta radiations 

alpha and beta particles differ, to 
which attention must be called at the 
outset. It was seen in the preceding 
section that alpha particles are either 
monoenergetic or else there is a spec¬ 
trum made up of a limited number 
of discrete groups having definite en¬ 
ergies; beta particles, on the other 
hand, do not behave in this manner. 
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7.43. In 1900, H. Becquerel noted, 
from their behavior in a magnetic field, 
Hint the deviable radiations, i.e., beta 
rays, were complex, forming a continu¬ 
ous distribution of velocities, and hence 
of energies. But during the early years 
of the present century there was a 
difference of opinion among workers in 
Hie field of radioactivity: some thought 
Hie beta particles from a given source 
hud a wide range of energies, while 
others were of the opinion that they 
were essentially monoenergetic. The 
hitter view appeared to find support in 
I he discovery, made by 0. von Baeyer, 
(). Hahn and L. Meitner in Germany, 
In the years between 1910 and 1912, 
of the existence of homogeneous 
(monoenergetic) groups of electrons in 
Ix'ln rays. But doubt was cast on their 
significance when, in 1914, J. Chadwick 
found that they constituted a small 
fraction only of the total beta particle 
emission. The opinion was therefore 
expressed that the main portion of the 
electrons emitted by a radioactive ele¬ 
ment, which showed a continuous dis¬ 
tribution of energy, were the true dis¬ 
integration beta particles, and that the 
weaker monoenergetic groups were due 
to a secondary effect. A theory of the 
origin of these secondary electrons was 
proposed by E. Rutherford in 1914, 
and supported by Lise Meitner in 1922, 
al ter she and O. Hahn had shown that 
similar groups of monoenergetic elec- 
I i ons were sometimes found associated 
with alpha-particle disintegration. The 
nature of these secondary electrons, 
which are associated with the emission 
of gamma rays, will be considered in 
§ 7.106. 

7.44. Two main methods have been 
used for the study of the distribution 
of energy among the beta particles 
from a given radioactive source. The 
first makes use of the 180° (or semi¬ 
circular) magnetic spectrograph which 


ie quite similar in principle to that 
described in § 7.15 for the determina¬ 
tion of the velocities of alpha particles. 
The best form of apparatus is that in 
which a particle counter is placed in a 
fixed position, such as P in Fig. 7.3. 
The magnetic field H is then varied, 
and the numbers of beta particles 
reaching the counter in a given time for 
the different values of H are recorded. 
From H and the fixed radius r of the 
semicircular path taken by the beta 
particles, the velocity v of the latter 
can be calculated by means of equa¬ 
tion (7.2); each value of H thus cor¬ 
responds to a definite velocity. In this 
way, the relative numbers of beta par¬ 
ticles having various velocities can be 
determined. 

7.45. Since the speeds of beta parti¬ 
cles as they emerge from radioactive 
sources approach the velocity of light, 
allowance must be made in equation 
(7.2) for the relativistic increase of 
mass. If, as required by equation (3.9), 
m is replaced by m 0 /\/l — v 2 /c 2 , where 
m 0 is the rest mass of the electron, v is 
the initial speed of the emitted beta 
particle, and c is the velocity of light, 
equation (7.2) becomes 

v = — Hr Vl - y 2 /c 2 , (7.9) 

m 0 

which is the form to be employed in 
the present instance. Further, the (ki¬ 
netic) energy of the beta particle is no 
longer given merely by y 2 mi; 2 , as is 
the case for the comparatively slow- 
moving alpha particles, but by 

E = me 2 ( ■ 1 - l\ (7.10) 

Vi - &/& / 

The calculations of the energy from 
the magnetic field and curvature of 
the path are thus somewhat more com¬ 
plicated, but they can be made without 
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too much difficulty by means of equa¬ 
tions (7.9) and (7.10). 

7.46. The second method which has 
been employed in the determination of 
beta-particle energies makes use of 
what is known as the magnetic-lens 
spectrometer. The principle involved is 
essentially the same as that used for 
focusing in the electron microscope, 
and it is for this reason that the name 
magnetic lens (or electron lens) has 
been applied. In outline, the apparatus 
consists of a cylinder (Fig. 7.6) 



Fig. 7.6. Principle of magnetic lens spec¬ 
trometer for determining beta-particle 
energies. 

around which is wound a coil (solenoid) 
of copper wire. When a current is? 
passed through this wire a magnetic 
field is produced in the cylinder, its 
direction being parallel to the axis. T he 
radioactive source is placed at one end 
of the cylinder at while at the other 
end, at C, there is a suitable charged- 
particle counter with a thin wall which 
the beta particles can penetrate. By 
means of the baffles shown at the left, 
the particles leaving the source S in a 
definite direction are permitted to en¬ 
ter the longitudinal magnetic field; this 
field constrains them to follow a helical 
(spiral) path, a projection of which is 
shown by the dotted lines in Fig. 7.6. 

7.47. By suitably adjusting the cur¬ 
rent in the solenoid, and thus changing 
the magnetic field, beta particles from 
S can be “focused” so that they per¬ 
form a single turn of the helix and just 
reach the wall of the counter. For a 
given value of the magnetic field, only 
those beta particles which have a par- 
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ticular velocity will reach the counter. 
The velocity can be calculated from 
the magnetic field and the dimensions 
of the apparatus. As a general rule, 
however, the instrument is standard¬ 
ized by means of electrons of known 
speed, and the velocity can then be 
determined directly from the current 
flowing through the solenoid. In this 
manner, the relative numbers of beta 
particles, as detected by the counter, 
with different velocities, and hence 
with different energies, can be deter¬ 
mined. 

7.48. The results obtained with a 
variety of different beta-active sources, 
both natural and artificial (Chapter 
X), are all of the same type. Apart 
from the few groups of monoenergetic 
electrons sometimes observed, the over¬ 
whelming proportion of the beta par¬ 
ticles from any source exhibit a con¬ 
tinuous distribution of energy, i.e. 7 a 
beta-particle spectrum. The energies 
range from very small values up to a 
1 definite maximum, the latter varying 
with the source. If the relative number 
of particles possessing a particular en¬ 
ergy is plotted against the energy, the 
points usually fall on a curve such as 



Fig. 7.7. General form of distribution of 
energies among beta particles {beta par 
tide spectrum). 

that depicted in Fig. 7.7. The maximum 
energy, obtained by short extra¬ 
polation, is indicated by E nmt- 1 be 
maximum velocities ot beta particles 
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range from about 25 to 99 per cent of 
the speed of light; the corresponding 
values of E max vary from 0.025 to 3.15 
Mev, most of them being in the vicinity 
of 1 Mev. 

The Neutrino Theory 

7.49. The problem of the continu¬ 
ous distribution of energy among beta 
particles concerned physicists for a 
number of years. It seemed highly 
improbable that it could be due to the 
existence of a continuous series of en¬ 
ergy levels in either parent or daughter 
elements, since all the evidence points 
to the presence of a few discrete levels 
only. If the variation in energy among 
the beta particles were due to transi¬ 
tions between different energy states, 
then there should be a continuous dis¬ 
tribution of gamma ray energies to 
correspond to that for the beta parti¬ 
cles, but no such phenomena have been 
observed. A radioactive beta transit 
tion, like an alpha change, must be ac¬ 
companied by a definite energy change, 
find this is undoubtedly equal to the 
j maximum beta-particle energy, E max . 
For example, when the masses of the 
parent and daughter elements are 
rknown, the energy change can be 
calculated (§3.79) from the decrease 
(In mass, after allowing for that of the 
electron. This has been found to be 
nhc same as E max . Further, it was seen 

§ 6.60 that thorium C undergoes 
branched disintegration, but the two 
branches rejoin at thorium D. The 
JOergy difference by the path thorium 
B*-*thorium C'—»thorium D should 


be exactly the same as that for the 
alternative path thorium C —> thorium 
C "thorium D. Careful measure¬ 
ments show that this is true only if in 
the transitions thorium C —> thorium 
C' and thorium C" thorium D the 
beta particle energies are those cor¬ 
responding to E max in each instance. ! 

7.50. The problem is then: What 
happens to the additional energy irj 
the case of the great majority of beta 
particles whose energy is less than the 
maximum? The situation was so des¬ 
perate that some eminent physicists 
suggested that the law of conservation 
of energy might not hold in beth-dis-. 
integration processes, but this view 
could not be entertained seriously. Ul¬ 
timately, in 1931, a way out of the 
difficulty was indicated by W. ’Pauli: 
(see §4.64), and this was elaborated 
by the famous Italian-born physicist 
E. Fermi in 1934. There is little doubt 
that the atomic nucleus does not con¬ 
tain free electrons, but only neutrons 
and protons (§ 4.35); hence, the elec¬ 
trons which are emitted as beta, rays 
by radioactive nuclei must result; from 
the spontaneous conversion of a neu¬ 
tron into a proton and an electron. 
Pauli suggested that this process was - 
accompanied by the emission of an¬ 
other particle, now called a neutrino*; 
this was assumed to be electrically 
neutral and to have a very small rest 
mass, small even compared to that 
of the electron. Thus, the creation of 
an electron in the nucleus, prior to its 
emission as a beta particle, would be 
represented by the process 


neutron -» proton + electron + neutrino. (7.11) 

mass 1 10 0 

charge 0 + — o 

in* mean ins: a “small neutral one.” The neutrino concept was proposed by 

■ BP“ * S *™ inRI ’ ,n ™«oratieal Physics held in the University of Michigan in the 

i !i 11 °{ 1031 / T he name .mu wns first used for the particle, hut after the discovery 
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7.51. It will be seen that the two 
sides of the equation balance with re¬ 
spect to both mass—given to the near¬ 
est integer—and charge. Tn a beta- 
decay process, the proton remains in 
the nucleus, but the electron and the 
neutrino are ejected. In order to ac¬ 
count for the continuous distribution 
of energy among beta particles Pauli 
supposed that the total available 
energy, equal to E max , was divided be¬ 
tween the electron (beta particle) and 
the neutrino. Thus the difference in 
energy between E max and the actual 
value for any given beta particle 
would be carried off by the accom¬ 
panying neutrino. 

7.52. Even if it had not been neces¬ 
sary to postulate the formation of the 
neutrino to account for the beta-par¬ 
ticle energy spectrum, it would be 
required for another reason. It was 
seen in § 4.86 that the spin quantum 
numbers of the neutron, proton and 
electron are each + V 2 or —Conse¬ 
quently, if there is to be a conservation 
(or balance) of spin in the beta- 
emission process, as in other nuclear 
reactions, an additional particle, also 
having a spin of -b Y% or — is re¬ 
quired when a neutron changes into a 
proton and an electron. If this spin 
quantum number is assigned to the 
neutrino, spin can be conserved in the 
process represented in equation (7.11). 

7.53. By applying the methods of 
wave mechanics to the neutrino hy¬ 
pothesis, as just outlined, Fermi was 
able to derive a complicated equation 
giving the probability of the emission 
from a radioactive nucleus of a beta 
particle with energy in the vicinity 
of any specified value. The plot of 
this probability function against the 
corresponding energy value should 
have given a curve similar to that in 
Fig. 7.7; although it was of the correct 

* Also sometimes on lied a Fermi plot . 
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form, the agreement with experiment 
did not appear to be too good. How¬ 
ever, because of the lack of reliable 
experimental data at the time, the 
earlier tests of the theory were not 
conclusive. 

7.54. More recent work, particularly 
with artificial beta-active radioele¬ 
ments of fairly low atomic weights, 
has given results which provide sup¬ 
port for the neutrino theory. The tests 
have been facilitated by the use of a 
method of plotting suggested in 1936 
by F. N. D. Kurie, J. R. Richardson 
and H. C. Paxton in the United States. 
They showed that the Fermi probabil¬ 
ity equation could be rearranged to 
take the form 

K ( N/Fyi 2 = C - (E + 1), (7.12) 

where N is the number of beta parti¬ 
cles of momentum (or energy) lying 
within a certain narrow range, F is a 
complex function of the corresponding 
beta-particle energy E as worked out 
by Fermi, and K and C are constants. 
The energy E of the beta particle is 
here expressed in units of m 0 c 2 , where 
m 0 is the rest mass of the electron 
and c is the velocity of light. Accord¬ 
ing to equation (7.12), the plot of 
(N/F) 1/2 against E + 1, often referred 
to in the scientific literature as a Kurie 
plot * should be a straight line if the 
Fermi neutrino theory is to be sub¬ 
stantiated. Where reliable data are 
available it appears that they do give 
a straight line, although a correction 
factor, which can be calculated, must 
be included for the so-called “for¬ 
bidden” transitions (§7.78). 

Positive Beta Activity 

7.55. All the beta-active elements 
existing in nature expel negative par¬ 
ticles, i.e., electrons. But, there have 
| been obtained in the laboratory a 
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number of radioactive species that 
emit positive beta particles, i.e., posi¬ 
trons (see Chapter X). It will be seen 
in due course that the basic difference 
between the negative and positive beta 
emitters is that the nuclei of the 
former contain too many neutrons for 
stability, whereas the latter have too 
many protons. Consequently, just as a 
neutron will change into a proton and 
an electron, in the negative beta-active 
nuclei, as described above, so in the 
positive beta-active species, a proton 
is converted into a neutron and a 
positron. The latter is then emitted as 
a positive beta particle. Apart from 
the difference in sign of the expected 
particle, positive and negative beta 
emitters behave in exactly the same 
manner. All that has been stated above 
pi connection with negative beta par¬ 
ticles applies equally to positive beta 
particles. 

7.56. The energies of the positive 
beta particles have a continuous dis¬ 
tribution satisfying equation (7.12), 
no that the Kurie plot is linear, just as 
for negative beta particles. The pro¬ 
duction of a positron by the conver¬ 
sion of a proton into a neutron is thus 
represented by 

proton —» neutron 
mass 1 1 

charge +1 0 

10 that again it is necessary to postu¬ 
late the formation of a neutrino, which 
wares the energy with the positive 
beta particle (positron) and also per¬ 
mits conservation of spin. For the 
RlfBGnt, the particles accompanying 
I mth negative and positive emission 
fWill be referred to as “neutrinos.” The 
question of whether they are the same 
|W different will be taken up shortly. 

Dkt Kir non of the Neutrino 

7.57. Apart from the fact that the 


neutrino concept has proved useful in 
solving a difficult problem in nuclear 
science, it may be wondered if there 
is any direct experimental evidence for 
the existence of such a particle. In 
view of its very small mass, and the 
absence of electric charge, the neutrino 
would be expected to pass readily 
through matter and hence would be 
difficult to detect. It may be men¬ 
tioned in this connection that when 
in 1927 C. D. Ellis and W. A. Wooster; 
in Rutherford's laboratory, determined 
the heat given out by the beta parti¬ 
cles from radium E, the value corre¬ 
sponded to the average energy, and 
not to the maximum energy, of the 
particles. This result implies that if, 
as now supposed, the disintegration 
energy is shared between beta particles 
and neutrinos, the former gave up all 
their energy, while the latter escaped 
from the apparatus with virtually no 
loss of energy. 

7.58. Two general procedures have 
been used to provide positive evidence 
for the supposition that neutrinos ac¬ 
company beta decay; these may be 
described as indirect and direct 
methods. The indirect approach is to 
study the recoil momentum of the 

+ positron + neutrino, (7.13) 

0 0 

+ 1 0 

residual (or daughter) nucleus in a 
beta disintegration. When a radio¬ 
active nucleus emits one or more par¬ 
ticles, the residual nucleus will recoil 
with a certain velocity determined by 
the law of conservation of momentum. 1 
If a beta (positive or negative) par¬ 
ticle only is emitted, the direction and 
velocity of the recoil will be different 
from those associated with the emis¬ 
sion of a beta particle plus a neutrino. 

A number of experiments on nuclear 
recoils have been made and the results 


































182 

are not contrary to the neutrino 
hypothesis. It is because the effects 
sought are small and difficult to meas¬ 
ure, and also because they may per¬ 
haps be explained in other ways, that 
the conclusion is stated in this negative 
form. 

7.59. The direct method for detect¬ 
ing the neutrino is based on the possi¬ 
bility of observing the results of its 
interaction with a neutron or a proton. 
For example, the neutrino produced in 
negative beta decay should react with 
a proton to produce a neutron and a 
positron; thus, 
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an experiment near the reactors at 
Hanford, Washington, and obtained 
preliminary results which, while posi¬ 
tive, were not completely convincing. 
Consequently, the observations were 
repeated on a larger scale during 1956 
at the Savannah River plant of the 
U. S. Atomic Energy Commission, 
where the neutrino density would be 
very high. 

7.61. The apparatus consisted of 
five tanks, each 6% feet by 4% feet 
across. Two of these were “target” 
tanks, 3 inches deep, sandwiched be¬ 
tween three “detector” tanks, 2 feet 
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proton + neutrino —» neutron + positron. (7.14) 

mass 1 0 1 0 

charge +1 0 0 +1 


Since each of the four particles con¬ 
cerned has a spin quantum number of 
+ y 2 or — y 2l spin will be conserved in 
the process. The simultaneous forma¬ 
tion of a neutron and a positron in this 
reaction would thus provide strong 
positive evidence for the existence of 
the neutrino. Theoretical calculations 
indicate, however, that the probability 
of a neutrino interacting with a pro¬ 
ton is so small that, on the average, a 
neutrino would travel a total distance 
(although not in a straight line) of 
about a hundred light-years* through 
water before such interaction occurred! 

7.60. The only hope of detecting 
this rare interaction is in a location 
where the number of neutrinos is ex¬ 
pected to be extremely large. Such a 
situation should exist in the vicinity 
of a nuclear fission reactor (see 
Chapter XIV), since during operation 
of the reactor large amounts of nega¬ 
tive beta-emitting radioelements are 
produced. In 1953, F. Reines, C. L. 
Cowan and their collaborators, of Los 
Alamos Scientific Laboratory, set up 


deep. The target tanks contained 
water in which a small quantity of 
cadmium chloride had been dissolved, 
whereas the detector tanks were filled 
with a solution of an organic scin¬ 
tillator (§ 6.48). Over a hundred 
photomultiplier tubes surrounded these 
tanks, so that flashes of light produced 
by gamma-ray photons would be de¬ 
tected. 

7.62. The idea of the experiment 
was that a neutrino entering the water 
would occasionally interact with a 
proton, producing a positron and u 
neutron. Within an extremely short 
time, the positron will encounter an 
electron, of which there are many 
available, and then positron-electron 
annihilation will occur. This will be 
accompanied by the annihilation 
gamma radiation, consisting, in the 
main, of two photons each carrying 
0.51 Mev energy (§ 3.91). The photon* 
then enter the detector tank and pro¬ 
duce scintillations which can be re¬ 
corded. 

7.63. In the meantime, the neutron 


* A light-year is the diHtance traveled by light in 1 year; it is equivalent to about 5 X 
(five million million) miles, 
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will have traversed a more or less zig¬ 
zag (or random) path through the 
water. Several millionths of a second 
after its birth, it will encounter a 
cadmium nucleus and be captured 
(§ 11.98). One of the consequences 
of this capture is the release of 
about 8 Mev of energy which is 
divided among three or four gamma- 
ray photons. These will also en¬ 
ter the detector tank and produce 
light flashes, but the scintillations will 
appear after those caused by the posi¬ 
tron-electron annihilation because of 
the appreciable time elapsing before 
the neutron is captured. The electronic 
counting system associated with the 
photomultipliers is therefore designed 
80 that it will record only the produc¬ 
tion of scintillations (in pairs) sepa¬ 
rated by the appropriate time interval. 

7.64. Ideally, such “delayed coinci¬ 
dences,” as they are called, should 
result from the neutrino interacting 
With a proton. However, there are al¬ 
ways extraneous circumstances which 
bill produce such coincidences. In 
Order to allow for these effects, ob¬ 
servations were made with the reactor 
operating, so that neutrinos were being 
produced, and with the reactor shut 
down. The results showed that there 
hf&S a difference of roughly 70 delayed 
coincidences per day which could be 
pttrihuted to neutrinos. This is very 
■Uch like the number that was ex¬ 
acted under the existing experimental 
Conditions. Exhaustive tests were per¬ 
formed to make sure that these de- 
ICyed coincidences were not due to 
other cause. The general con- 
BUfinn was that the experiments pro- 
Brftd positive proof for the existence 
H the neutrino, an elusive, uncharged 

I ^rtictc with essentially no mass, but 
Jiving a definite spin and capable of 
currying off energy, 


The Neutrino and Antineutrino 

7.65. In view of the existence of 
electron and positron, proton and anti¬ 
proton, and neutron and antineutron, 
it is reasonable to ask: Is there an 
antineutrino to correspond to the 
neutrino? If the neutrino and antif 
neutrino are different, then the particle 
accompanying negative beta decay, 
detected in the manner described 
above, really belongs to the class of 
antiparticles, so that it is the anti¬ 
neutrino. That such is the case may be 
most easily understood from the 
process represented in equation (7.14), 
The proton and the neutron are 
“normal” particles, and since the posL 
tron is an antiparticle, theory requires 
that the neutrino, on the other side of 
the equation, also be an antiparticle. 
The “normal” neutrino would then be 
the one produced in positive beta 
decay, as represented in equation 
(7.13). 

7.66. Several methods have been 
proposed for determining whether the 
neutrino and antineutrino are really 
different particles or whether they are 
the same. Before outlining these tests, 
it may be stated that the results indi-, 
cate that they are indeed different. 
One procedure is based on the ex¬ 
istence of certain nuclei which, in 
theory, do not exhibit ordinary beta 
activity but which could, nevertheless, 
undergo double beta decay , that is, 
emit simultaneously two beta par¬ 
ticles in each act of disintegration. 
This situation arises from the relative 
masses of the parent element, 1 e.g., ; 
tellurium-130, and the daughters, 
either iodine-130 (one beta particle) 
or xenon-130 (two beta particles).* If 
the neutrino and antineutrino are 
different, then double negative-beta 
decay should be accompanied by the 

apparent in 1 he next chapter. 


•The lignificance of the (mane) numbers will bn 
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emission of two antineutrinos. Theory 
shows that the radioactive half life of 
the parent should then be more than 
10 20 years. On the other hand, if the 
two particles are identical, there would 
be no neutrino (or antineutrino) as¬ 
sociated with double beta decay. The 
energy could be distributed between 
the two beta particles and spins could 
be conserved without the neutrinos. 

The half life of the parent is then 
expected to be considerably shorter, 
namely, about 10 12 years. 

7.67. Although the direct measure¬ 

ment of such long half lives would be 
almost out of the question, another 
approach is possible. A search has 
been made for the expected daughter 
element in association with the parent 
in nature in minerals of known geo¬ 
logical age. The results obtained so far 
indicate half lives of at least 10 20 

years, implying that the neutrino and 
antineutrino are different. 

7.68. If the two particles are identi¬ 
cal, then those coming from negative 
beta decay in a nuclear reactor should 
be capable of interacting with a 
neutron, as well as with a proton; thus, 

neutron + neutrino 
mass 1 0 

charge 0 0 

Suppose the neutron is in an atomic 

nucleus; the capture of a neutrino 
would convert the neutron into a 
proton, so that a new nucleus, one 
unit higher in atomic number, would 
be produced. One example of this 
would be the conversion of chlorine-37 
(atomic number 17) into argon-37 
(atomic number 18), which is radio¬ 
active. However, if the neutrino and 
antineutrino are different, the neutron 
will not interact with the particles 
(antineutrinos) from a reactor, and no 
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conversion of chlorine to argon should 
be observed. In experiments with large 
volumes of the chlorine-containing 
compound carbon tetrachloride at the 
Savannah River reactors, no argon 
could be detected. This result, although 
negative, suggests that the neutrino 
and antineutrino are different. 

7.69. Many of the nuclear reactions 
occurring in the sun, and which are 
responsible for its energy, are accom¬ 
panied by the emission of positrons 
and, hence, of true neutrinos (§ 14.97). 
These neutrinos, unlike those from a 
reactor, which are really antineutrinos, 
should be capable of converting 
chlorine-37 into argon-37, as described 
above. The attenuation of neutrinos 
between the sun and the earth is 
negligible. Consequently, the conver¬ 
sion process should be observable 
on earth. Sea water contains much 
chlorine (as sodium chloride), and so 
it is to be expected that the radio¬ 
active argon-37 will be formed. As 
this will be present in minute traces 
only, its detection will be difficult, but 
if positive evidence is obtained it will 
provide convincing proof that the 

proton + electron. 

1 0 

+ 1 -1 _ 

neutrino (from the sun) is different 
from the antineutrino (from a reactor). 

7.70. Since the neutrino and anti¬ 
neutrino have no electrical charge and 
essentially zero mass,* it may bo 
wondered how they differ. A possible 
clue has been provided by the results 
of some researches, reported in the 
early part of 1957, which were being 
performed for another purpose 
(§18.107). The magnetic element 
cobalt can be produced in an artificial 
radioactive form, called cobalt-60, 


♦It appears that the rest mass of the neutrino and antineutrino, like that of the pholon, 
may actually be zero. 
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which emits negative beta particles. 
In a collaborative effort among (Miss) 
C.-S. Wu of Columbia University and 
E. Ambler and his associates at the 
U. S. National Bureau of Standards, a 
sample of cobalt-60 was subjected to 
the action of a magnetic field at ex¬ 
tremely low temperatures (0.01°C 
above absolute zero). As a result, the 
nuclear magnets were aligned parallel 
to the field, with all the nuclei spinning 
in the same direction. By keeping the 
temperature very low, thermal agita¬ 
tion, which normally tends to favor a 
random arrangement of the nuclei, 
f was kept at a minimum. 

7.71. It was observed that, in these 
I circumstances, the great majority of 

the beta particles, resulting from the 
1 radioactive decay of the cobalt-60 nu- 
i clei, were emitted in one particular di¬ 
rection. A repetition of the experiment 
With the positive-beta emitter cobalt- 
58 showed the same general effect, but 
the particles were now expelled pre¬ 
dominantly in the other direction. In 
(ifleh case, conservation of momentum 
requires that the neutrino (or anti- 
Ueutrino) be emitted in the direction 
opposite to the beta particle. These 
results may be interpreted as implying 
ft relationship between the spin of the 
neutrino (or antineutrino) and its 
direction of motion. If traveling in a 
given direction, the neutrino will spin 
t one way, e.g., clockwise, whereas the 
gntineutrino would spin the other way, 

anticlockwise. This example of 
rlulit,- and left-handedness represents 
an unsuspected aspect of the behavior 
jltrf Certain fundamental particles to 
[Which further reference will be made 
In Chapter XVIII. 

Absorption and Range of 
Beta Particles* 

7.72. Cloud chamber photographs of 
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beta particles (Fig. 6.10) are much less 
distinct than those produced by alpha 
particles, since the small mass of the 
former leads to a much smaller specific 
ionization in their paths. Further, it is 
found that the tracks are not straight 
lines, because the beta particles un¬ 
dergo frequent scattering. If the total 
length of the track of a beta particle 
could be measured in air it would prob¬ 
ably be found to be several meters, as 
compared with a few centimeters for, 
alpha particles. But such measure-- 
ments are difficult, and so the range, 
of a beta particle is usually defined 
in terms of the equivalent thickness 
(§7.10), expressed in mg./cm. 2 or in 
gram/cm. 2 , of an absorber, usually 
aluminum. 

7.73. As the result of a series of 
circumstances, fairly good and repro¬ 
ducible results can be obtained iri spite 
of the undoubted variations in actual 
range corresponding to the distribu¬ 
tion of energy among the beta parti¬ 
cles. It is an interesting and useful 
fact that, for light elements at least, 
the absorption thickness in mg./cm. 2 
is almost independent of the nature 
of the absorber. Hence, if a nuclear 
radiation detector is known to have 
a mica window with a thickness of 
5 mg./cm. 2 , the equivalent value for 
aluminum would be approximately 
the same. It is thus possible to make 
allowance for the absorption by the 
window when necessary. 

7.74. The absorption of beta parti¬ 
cles can be studied by placing the 
radioactive source near the thin wall 
of a suitable counter, and then record¬ 
ing the counting rate with various 
thicknesses of absorbing material in¬ 
serted between the source and the 
counter. If a monoenergetic stream of 
electrons is used in such an experi¬ 
ment, it is found that the absorption 
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curve showing the number of particles 
passing through the absorber falls off 
steadily, in a roughly linear manner, 
as the absorber thickness is increased. 
This is quite different from the be¬ 
havior of alpha particles, where, as 
indicated in Fig. 7.2, the counting rate 
remains almost constant until near 
the end of the range, when it falls 
quite sharply to zero. The reason why 
electrons act differently in this respect 
is partly because they lose energy by 
conversion into radiation, in addition 
to that used up in the formation of 
ion-pairs, but largely because they 
undergo very marked scattering, with 
frequent changes in direction, espe¬ 
cially when passing through a solid 
absorber. 

7.75. Since beta rays are not mono- 
energetic in nature, but consist of par¬ 
ticles with a wide range of energies, 
the absorption curves are not linear 
but are more complicated in charac¬ 
ter. Because of a curious combination 
of factors, it so happens that if a 
graph is drawn of the logarithm of 
the counting rate for various absorber 
thicknesses against the thickness of 
absorber, the result is an approxi¬ 
mately straight line, as depicted in 



Fig. 7.8. Absorption of beta particles in 
matter. 

Fig. 7.8. It will be noted that, beyond 
a certain absorber thickness, the 
counting rate no longer decreases but 
remains almost constant. This rusi- 
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dual activity is due to the presence 
of the highly penetrating braking ra¬ 
diation (bremsstrahlung), analogous 
to continuous X-rays (§4.75), result¬ 
ing from the deflection of the fast- 
moving beta particles by nuclei in the 
absorbing medium. The extent of the 
formation of this radiation increases 
with the atomic number of the ab¬ 
sorber. If gamma radiation accom¬ 
panies the beta rays, as is often the 
case, the curve for the residual count¬ 
ing rate is considerably higher, since 
it is now due to the gamma rays in 
addition to the bremsstrahlung. 

7.76. From a cursory examination 
of Fig. 7.8, it might be concluded that 
the falling portion of the curve could 
be extrapolated to zero counting rate, 
as in Fig. 7.2, to give the effective 
range of beta particles in the ab¬ 
sorber, apart from the extraneous ra¬ 
diation. The results obtained in this 
way are, however, very unreliable, es¬ 
pecially if appreciable amounts of 
gamma radiation are present. A pro¬ 
posal for overcoming this difficulty, 
made by the English physicist N. 
Feather, in 1938, has been widely 
adopted. The absorption curves of the 
beta particles from the given sources 
are compared with the published data 
for radium E; the latter substance 
emits beta particles free from gamma 
rays and their maximum range in 
known to be equivalent to 476 mg./ 
cm. 2 of aluminum. Consequently, by 
using the radium E as a standard, tho 
maximum range of the beta particle’s 
under examination, in terms of mg./ 
cm. 2 of aluminum, can be derived 
with the aid of a Feather plot, as it 
is called. 

7.77. The importance of the maxi¬ 
mum range 72m«x> as obtained in this 
manner, is that it is a characteristic 
property which can be used to iden¬ 
tify the source and to determine tin' 
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maximum energy E max of the beta 
particles. A number of measurements 
have been made of both the maximum 
energy, using some form of magnetic 
spectrometer, as described in § 7.44 
et seq ., and the maximum ranges of 
beta particles from a variety of 
sources; from them accurate data 
have been obtained from which a 
curve of E miix (in Mev) against R nmx 
(in mg./cm. 2 or gram/cm 2 of alumi- 
i num) has been plotted. Hence, if a 
value of R max for beta particles from 
l a given source is obtained by 
i Feather’s method, the corresponding 
I maximum energy E m&x can immedi- 
I ately be read off from the curve. As 
I a less accurate alternative, use may 
I be made of the relationship 

1 -Emax (Mev) 

= 1.9 fimax (g./cm. 2 ) + 0.17, (7.15) 

[ which is accurate within 5 per cent 
I' for E max values, lying between 0.5 and 
1 3 Mev. 

B eta - D e cay Tran s i t io x s 

7.78. In seeking for a relationship 

■ between the radioactive decay con- 
I atant A of beta-emitting radioelements 
I and the maximum energy E nmx of the 
I particles, analogous to the Geiger- 

■ Nuttall law for alpha decay (§ 7.22), 
■the Canadian physicist B. W. Sargent 
I found in 1933 that if the log A values 
I for various radioelements were plotted 

against the corresponding values of 
log 2?max, most of the points fell on 
for close to) two straight lines. These 
linos, known as Sargent curves, were 
I approximately parallel and could be 
I represented by the equation 

X - k E^ Xi (7.16) 

■hkh was in agreement with the re¬ 
quirements of the Fermi theory of 
I Seta decay for large values of the 


energy E miiX . The values of k for the 
two curves differed by a factor of 
about a hundred, so that, for a given 
(maximum) energy of the beta parti¬ 
cles, the decay constant (or half life) 
of a radioelement on one curve was 
roughly a hundred times as great as 
that on the other curve. This differ¬ 
ence in behavior was attributed by 
G. Gamow to the transitions in the 
radioactive processes being either “al¬ 
lowed” or “forbidden” (§ 4.55). In the 
former case, the decay constant, for 
a given energy, would be greater than 
in the latter. 

7.79. When Sargent made this cor¬ 
relation between decay constants and 
beta-particle energy, the only beta 
emitters known were those occurring 
in nature. As other beta-active spe¬ 
cies, both positive and negative, were 
discovered, from 1934 onward, it be¬ 
came apparent that there were many 
points which did not fall on the Sar¬ 
gent curves. Although the basic idea 
of allowed (or permitted) and forbid¬ 
den transitions is correct, there are 
definitely more than two categories of 
such transitions. 

7.80. The theory -of beta decay 
shows that the decay constant (and 
half life) should depend upon (1) the 
energy available in the transition, (2) 
the charge on the product (or daugh¬ 
ter) nucleus, (3) the difference in or¬ 
bital angular momentum and intrin¬ 
sic angular momentum (or spin) be¬ 
tween the parent and daughter nu¬ 
clei. The first two factors may be 
combined in a function /, which can 
be derived from the Fermi theory and; 
in 1943, E. J. Konopinski, in the 
United States, suggested that the 
product of / and the radioactive half 
life T, i.e., fT, be used as a basis for 
comparing beta-particle emitters. 
This quantity is called the compara¬ 
tive half life , Since it is usually a 
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large number, it has been found more 
convenient to use its logarithm, i.e., 
log fT. The greater the value of fT 
(or log fT) , the longer is the compara¬ 
tive half life, and the smaller the 
probability of the radioactive change. 

7.81. A study of the log fT values 
for nearly three hundred beta emit¬ 
ters, both positive and negative, has 
shown that the results fall into a num¬ 
ber of more or less well-defined 
groups. These can be correlated with 
the nature of the transition (allowed, 
first forbidden, second forbidden, etc.) 
and the changes in the angular mo¬ 
mentum quantum numbers. As a 
rough, approximate rule, it may be 
stated that the greater the change in 
the nuclear spin quantum number, the 
larger is the log fT value and the 
more highly forbidden is the beta- 
decay process. For large values of the 
energy E max , theory indicates that / 
is roughly proportional to E^ &x so 
that for each type of transition 
TE ^ ax will be very roughly constant. 
This is in agreement with equation 
(7.16), since the decay constant A is 
inversely proportional to T, the half 
life of the radioelement. 

7.82. The smallest values of log fT 
occur in an interesting group of posi¬ 
tive-beta emitters called mirror nu¬ 
clei. The characteristic of these nuclei 
is that, in each case, the number of 
protons in the parent element exceeds 
the number of neutrons by unity. Aft¬ 
er emitting a positron, so that a pro¬ 
ton is replaced by a neutron, in ac¬ 
cordance with equation (7.13), the 
resulting (stable) nucleus contains 
one neutron in excess of the number 
of protons. It is because of this re¬ 
versal in the neutron-proton numbers 
accompanying radioactive decay that 
the term “mirror” was applied to 
these nuclei. One consequence of this 
simple exchange between the numbers 
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of neutrons and protons is that both 
parent and daughter nuclei, in their 
lowest energy (or ground) states, 
have the same angular quantum num¬ 
bers. In other words, in the radioac¬ 
tive transition these quantum num¬ 
bers are not changed, so that the tran¬ 
sition is “allowed.” Actually, the de¬ 
cay of mirror nuclei has such a high 
probability, i.e., low value of log fT, 
that the transition is said to be “al¬ 
lowed and favored” or “superal- 
lowed.” 

7.83. There are sixteen known mir¬ 
ror nuclei, from carbon-11 to scan- 
dium-41; their half lives range from 
1230 sec. to 0.87 sec. and the corre¬ 
sponding maximum beta-particle en¬ 
ergies are 0.99 Mev to 4.94 Mev. 
However, the values of fT (or of log 
fT) are very close together because, 
as stated above, the factor / makes 
allowance for the difference in the 
energies available for the transitions 
and the charge on the daughter nu¬ 
cleus, i.e., its atomic number. A few 
examples of the positive-beta decay 
properties of mirror nuclei are given 
in the accompanying table. The nu¬ 
merals to the left and right of the 
symbol for the element indicate the 
numbers of protons and neutrons re¬ 
spectively, in the specified mirror nu¬ 
cleus. A few other light nuclei, in 
addition to the mirror nuclei, exhibit- 
allowed and favored transitions, the 
log fT values lying roughly between 
3.5 and 4.0. 


Properties of Mirror Nuclei 


Nucleus 

T (sec.) 

F max (Mev) 

log fT 

6 c 5 

1230 

0.99 

3.8 

I0NG9 

20.3 

2.18 

3.4 

I4SI13 

4.9 

• 3.64 

3.7 

IgA. 17 

1.88 

4.4 

3.7 

218 C20 

0.87 

4.94 

3.0 


7.84. As the change in the spin 
(and other) quantum numbers ac¬ 
companying- the radioactive decay 
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increases, the transitions become less 
and less favored, as indicated by the 
increase in the log fT values. For al¬ 
lowed transitions which are not fa¬ 
vored, log fT is roughly 4.5 to 6; for 
first forbidden transitions, it is about 
6 to 10; and for higher forbidden tran¬ 


sitions, log fT is generally greater 
than 10. One of the most highly for¬ 
bidden transitions is that of indium- 
115, which exists in nature; both the 
spin and orbital quantum numbers 
change by four units and the log fT 
value is about 23. 


THE PROPERTIES OF GAMMA RADIATION 


Gamma Ray Interaction 
with Matter 

7.85. As recorded in § 2.110, gamma 
rays are electromagnetic radiations 
similar to X-rays, but of shorter wave 
length. Actually it is not possible, as 
far as their behavior is concerned, to 
distinguish between the longest 
gamma rays and the shortest X-rays, 
but it is usual to employ the term 
gamma rays when the radiations orig¬ 
inate within the nucleus. It was seen 
in § 4.71 that characteristic X-rays 
result from transitions between elec¬ 
tronic energy levels; gamma rays, on 
the other hand, are associated with 
transitions between nuclear energy 
levels. But once the energy is liber¬ 
ated, the properties of the resulting 
radiation are determined by the fre¬ 
quency or wave length or, in other 
words, by the magnitude of the energy 
quantum. In this respect gamma rays 
and X-rays are very similar. Gamma 
rays accompany many radioactive 
changes, irrespective of whether al¬ 
pha or beta particles are emitted. 

7.86. Gamma rays, like X-rays, are 
highly penetrating; the effective range 
depends on the energy, but it might 
require several centimeters of metal 
jto reduce the intensity of gamma ra¬ 
diation to such an extent that it be¬ 
comes difficult to detect. In their pas¬ 
sage through matter gamma rays lose 
their energy, and hence are absorbed, 
[lit several ways, three being important 
enough to require consideration here. 


The first, which is most significant 
for gamma rays of low energy, and 
for absorbers of high atomic weight, 
is the photoelectric effect (§2.48), 
w^hereby electrons are ejected from 
atoms or molecules encountered by 
the radiation. If E is the energy of *a 
gamma-ray photon (§3.35), then in 
a photoelectric encounter an amount 
P, equal to the binding energy, of the 
electron in the atom, will be required 
to remove the electron, and the whole 
of the remainder E — P is carried off 
by the electron in the form of kinetic 
energy. 

7.87. The second factor contribut¬ 
ing to the absorption of gamma rays 
is the Compton effect (§ 3.36) ; this 
plays a major role when the absorber 
is a material of low atomic weight, 
and the energy of the radiation is 
neither too high nor too low. Neverthe¬ 
less, increase of the atomic weight of 
the absorber increases the extent of 
absorption caused by the Compton 
effect. When a gamma-ray photon 
collides with a free or loosely-bound 
electron, the latter removes some, but 
not all, of the energy of the radiation. 
The actual loss of energy depends on 
the scattering angle of the gamma 
rays, i.e., on the angle between the 
direction of the rays before and after 
collision with the electron. In any 
event, as a result of a series of Comp¬ 
ton encounters, in passing through an 
appreciable thickness of absorber, the 
energy of the gamma rays may bo 
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so greatly diminished that they are : 
no longer detectable. 

7.88. For gamma rays of high en¬ 
ergy the photoelectric and Compton 
effects are not so important for their 
absorption, especially in elements of 
high atomic weight, as is the third 
factor, the formation of positron-elec¬ 
tron pairs (§ 2.71). As shown in 
Chapter III, the process requires a 
minimum energy of 1.02 Mev, and 
hence it can have no influence on 
gamma radiations with less than this 
energy. The effect increases rapidly, 
however, as the energy of the gamma - 
ray photon exceeds the minimum 
value. The probability of pair forma¬ 
tion increases with the square of the 
atomic number of the absorber; this 
explains why gamma rays from tho¬ 
rium C" with an energy of 2.62 Mev, 
readily produce positron-electron 
pairs when they pass through lead. 
For absorbers of high atomic weight 
and gamma rays of high energy, pair- 
production is the main cause of the 
energy loss. 

7.89. As a result of the interactions 
leading to the photoelectric effect and 
to pair production, the gamma-ray 
photon loses the whole of its energy 
and ceases to exist. In a Compton en¬ 
counter, on the other hand, the pho¬ 
ton is deprived of a part only of its 
energy, as mentioned above; never¬ 
theless, a fair proportion is trans¬ 
ferred to the recoil electron (§3.36). 
Consequently, for each interaction be¬ 
tween a gamma-ray photon and mat¬ 
ter, the result is either the ejection 
of an electron or the formation of 
a positron-electron pair carrying a 
considerable amount of energy. It is 
the ionization (§ 6.5) caused by these 
secondary electrons, produced in the 
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gas or ejected from the walls of the 
counter, which provides a means for 
the detection of gamma rays, as de¬ 
scribed in Chapter VI. 

Absorption of Gamma Rays 

7.90. The absorption of gamma 
rays is studied in a manner similar 
to that described for beta particles 
(§ 7.74), except that the greater pene¬ 
trating power requires the use of a 
heavy metal of high atomic weight, 
such as lead, in place of aluminum, 
as absorber. For homogeneous gamma 
rays, consisting of radiations of a 
single frequency, or wave length, the 
plot of the logarithm of the counting 
rate {or intensity) against the thick¬ 
ness of the absorber is linear.* In 
mathematical language, this means 
that the intensity of the radiation falls 
off exponentially with the thickness 
of the absorber, so that if 7o is the 
intensity (or counting rate) of gamma 
rays from a given source when no 
absorber is used, and I is the intensity 
after passing through a thickness of 
x cm. of absorber, then 

I = I oe -» x , (7.17) 

where e is the base of natural loga¬ 
rithms, and ft is a characteristic prop¬ 
erty of the absorber, known as its 
absorption coefficient, for the given 
gamma rays. By measuring J ? with a 
suitable counter, for various thick¬ 
nesses x of the absorbing material, 
the value of y can be determined from 
equation (7.17). 

7.91. The absorption coefficient 
varies with the energy of the gamma 
radiation, and a linear plot of the 
intensity against the absorber thick¬ 
ness will be obtained only if all the 
radiations have the same energy. If 


♦ This is strictly true only for what is called a "collimated” beam in which any rays that 
have d™Uted <o?Mattered) from the original beam diwtion do not reach the 

detector. 
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several rays of different energies are 
present, the plot will not be a straight 
line, but rather a combination of two 
or more lines with different slopes. 
In some cases the curves can be an¬ 
alyzed so as to give the absorption 
coefficients for the individual com¬ 
ponents of the radiation. 

7.92. One of the consequences of 
the exponential absorption of gamma 
rays is that, theoretically, the inten¬ 
sity of the radiation should not fall 
absolutely to zero no matter how 
much absorber is used. The situation 
is similar to that considered in § 5.47, 
in connection with radioactive decay. 
However, even if the absorption equa¬ 
tion (7.17) held at very low intensi¬ 
ties, which is doubtful, the radiation 
ceases to be detectable, so that its in¬ 
tensity is virtually zero, beyond a 
certain point. 

7.93. Several modifications of the 
absorption coefficient are used in prac- 

[ tiee, of which two may be mentioned. 
One is the half-value thickness , i.e., 
the thickness of absorber necessary to 
reduce the gamma-ray intensity to 
half its initial value. This quantity 
38 simply related to the absorption 
coefficient. If equation (7.17) is con- 

“ Verted into the equivalent form in¬ 
volving ordinary (Briggsian) loga¬ 
rithms [see equation (5.4) ], the re¬ 
mit can be written as 


log (I/I 0 ) = -0.4343^. (7.18) 

When the intensity of the gamma rays 
Hi reduced by the absorber to half its 
[Initial value, I/I Q is and x is the 
naif-value thickness, represented by 
Wi/ 2 ' t equation (7.18) then becomes 


log Yi 

mo that 

^1 2 


— 0 . 4343 / 1 ^ 1 / 2 , 


0.693 


(7.19) 


Hence, if the absorption coefficient 
fij in reciprocal centimeter units, is 
known, the half-value thickness of. 
the absorber for the given radiation, 
in centimeters, can be readily calcu¬ 
lated. 

7.94. Another useful quantity is ob¬ 
tained upon dividing /a, called the 
linear absorption coefficient, by the 
density of the absorber; the result,' 
known as the mass absorption coeffi¬ 
cient , is expressed in cm. 2 /gram. This, 
quantity is important because it is : 
almost independent of the nature of 
the absorber for low gamma-ray en¬ 
ergies, although it increases somewhat 
for elements of high atomic weight. 
The corresponding mass half-value 
thickness , which also does not vary 
greatly with the absorbing material,, 
is equal to x 1/2 multiplied by th^ den¬ 
sity; it is then expressed in the fa¬ 
miliar gram/cm. 2 units used in con¬ 
nection with alpha- and beta-particle 
absorption. The absorber thickness in 
gram/cm. 2 required to reduce the 
gamma-ray intensity by one half, is 
related to the mass absorption co¬ 
efficient by an equation exactly simi¬ 
lar to (7.19). 

7.95. The fact that the mass half¬ 
value thickness, i.e., the actual (or 
linear) half-value thickness multi¬ 
plied by the density, is almost inde¬ 
pendent of the nature of the material 
absorbing the gamma rays, means 
that the higher its density the smaller 
the thickness required of a given ma¬ 
terial to decrease the radiation in¬ 
tensity to a specified extent. For this 
reason, heavy metals, such as’ iron; 
and, particularly, lead, are used for 
shielding from both gamma rays and 
X-rays.* It is of interest to note that 
the approximate constancy of the 
mass absorption coefficient and of the 
mass half-value thickness means that 


* High atomic weight givos an addod advantage, especially for radiations of high energy. 
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the weights of different materials re¬ 
quired to decrease the radiation in¬ 
tensity by a definite fraction are very 
nearly the same. But for substances 
of higher density, the volume, and 
hence the actual (or linear) thickness, 
will be less than for materials of lower 
density. 

7.96. In order to illustrate the ap¬ 
plication of some of the expressions 
given above, consideration will be 
given to the absorption of 1-Mev 
gamma rays by lead. Since it is the 
general practice to record linear ab¬ 
sorption coefficients, determined ex¬ 
perimentally, as the basic data, this 
information will be used for the pres¬ 
ent purpose. For the case chosen, ^ is 
found to be 0.77 cfn.“ x , and so by 
equation (7.19), the half-value thick¬ 
ness is 0.693/0.77 = 0.90 cm. Thus, 
nine tenths of a centimeter of lead 
will decrease the intensity of 1-Mev 
gamma rays to half its initial value. 
Since the density of lead is 11.3 grams 
per cc., the-mass absorption coefficient 
is 0.77/11.3 = 0.068 cm. 2 /gram; and 
the mass half-value thickness is 0.90 
X 11.3 = 10.2 gram/cm. 2 Approxi¬ 
mately the same values for these last 
two quantities apply to the absorption 
of 1-Mev gamma rays by other ele¬ 
ments of high atomic weight. The 
linear (or actual) half-value thick¬ 
ness, however, would vary inversely 
as the density of the absorbing ma¬ 
terial. 

Determination of Gamma-Ray 
Energies 

7.97. Several methods have been 
employed for ascertaining the energies 
of gamma rays. The most direct pro¬ 
cedure is to determine the wave length, 
and hence the frequency, by using a 
(curved) crystal as a diffraction grat¬ 
ing (§ 2.94). The energy of the photon 
is then given by the quantum theory 
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relationship E = he/ A, where h is 
Planck’s constant, c is the velocity of 
light, and A is the wave length of the 
radiation (§3.30). The result can be 
expressed in Mev by means of equa¬ 
tion (3.6). Since the diffraction meas¬ 
urements become more difficult as the 
energy of the photon increases and 
the wave length of the radiation de¬ 
creases, the method has been used for 
gamma rays of energy up to about 
0.75 Mev only. Gamma-ray energies 
from radioelements occurring in nature 
range from about 0.04 to 3.2 Mev. 

7.98. It was seen in § 7.86 that, in 
the photoelectric absorption of gamma 
radiation, the kinetic energy of the 
photoelectron is equal to E — P, where 
E is the energy of the gamma-ray 
photon and P is the binding energy of 
the electron. The kinetic energy of the 
electron can be measured by means 
of a suitable magnetic spectrograph 
(§ 7.44), or by determining its range 
in aluminum (§ 7.76); and the binding 
energy can be calculated from the 
wave lengths of the characteristic 
X-rays of the absorber, usually lead. 
From these two quantities the energy 
of the gamma ray can be obtained. 
The Compton recoil electrons (§ 3.36), 
resulting from the collisions of the 
gamma-ray photons with electrons 
from a light element, such as carbon 
or aluminum, can also be used for 
determining the energy of the photons. 
The energy of these electrons, meas¬ 
ured by deflection in a magnetic field, 
or in other ways, is related in a fairly 
simple manner to the gamma-ray 
energy. 

7.99. For gamma rays having ener¬ 
gies in excess of 1.02 Mev, an excellent 
method for determining the energy is 
based on the formation of a positron- 
electron pair. In the instrument known 
ns a pair spectrometer, the gamma 
rays impinge on a thin layer of mate¬ 
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rial of high atomic weight, so that pair 
production occurs readily (§7.88). 
The emerging positrons and electrons 
then pass through a magnetic field, so 
that the positive and negative par¬ 
ticles are deflected in opposite direc¬ 
tions. From the radius of the curved 
path, the energy of the particle can be 
determined, just as in the magnetic 
spectrograph (§ 7.44). Upon adding to 
the sum of the energies of the positron 
and electron the 1.02 Mev required for 
their formation, the result would give 
the energy of the gamma rays. 

7.100. A powerful tool for the study 
of gamma-ray energies is the scintilla¬ 
tion spectrometer , now widely used in 
nuclear studies. It was mentioned in 
§ 6.52 that the output pulse from a 
sodium iodide (thallium activated) 
scintillation counter is proportional to 
the energy of the gamma rays to 
which it is exposed. The actual energy 
can be determined by a method simi¬ 
lar to that described in § 7.18 for alpha 
particles, utilizing a pulse analyzer. 
The instrument is standardized by 
means of gamma rays of known en¬ 
ergy. For radiations of very high en¬ 
ergy, use has been made of the Ceren¬ 
kov detector, as outlined in § 6.59. 

Origin of Gamma Rays 

7.101. The gamma rays accompany¬ 
ing radioactive changes, irrespective of 
whether they involve alpha or beta de¬ 
cay, are almost invariably due to the 
same fundamental circumstances. The 
radioactive transition leaves the 
daughter nucleus in a high-energy (ex¬ 
cited state) and the excess energy is 
emitted as gamma radiation (Fig. 
7.9).* A good illustration of the corre¬ 
lation between the gamma-ray ener¬ 


gies and those of the groups of alpha 
particles is found in the thorium C —» 
thorium C" disintegration referred to 
in § 7.39. 


PARENT NUCLEUS 



Fig. 7.9. Emission of gamma radiation in 
radioactive decay. 


7.102. Before proceeding to tl;e cal¬ 
culations, however, it must be pointed 
out that the measured alpha-particle 
energy does not give the total energy 
accompanying a transition, because 
part of the energy is used up in the 
recoil of the daughter nucleus. The 
relative masses of the thoriuip C" 
nucleus and of the alpha particle are 
208 and 4, respectively, on the atomic 
weight scale; hence, it can be readily 
shown, assuming conservation of mo¬ 
mentum, that the total energy lib¬ 
erated in a given transition, is (208 + 
4) /208 times the energy carried off by 
the alpha particle. The values obtained 
in this way, together with the corre¬ 
sponding alpha-particle energies of 
the first five groups, are given in the 
accompanying table.f The third col¬ 
umn contains the differences between 
the disintegration energy for a given 
group of alpha particles and the value 
for the first group. Since the latter is 


* Positive-bela emission is invariably accompanied by the gamma radiation resulting from 
the annihilation of the slowed down positrons by electrons in matter. This radiation is, of 
course, of secondary origin and is not directly connected with the radioactive decay process. 

t The sixth group, with energy 5.478 Mev, has been omitted since it constitutes only 0.16 
per cent of the whole. 
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Thorium C —» Thorium C" Transitions 


Alpha 


Difference 

Particle 

Disintegration 

from 

Energy 

Energy 

First Group 

(Mev) 

(Mev) 

(Mev) 

6.086 

6.203 

— 

6.047 

6.163 

0.040 

5.764 

5.875 

0.328 

5.622 

5.730 

0.473 

5.603 

5.711 

0.402 


the highest, it may be supposed to 
represent the transition from thorium 
C to the lowest nuclear energy level 
of thorium C". The energy differences 
in the last column are then the ener¬ 
gies of the higher (excited) levels of 
thorium C", as compared with the 
lowest level. 

7.103. If, as indicated earlier, the 
gamma rays arise from transitions be¬ 
tween energy levels in the daughter 
nucleus, there should be a connection 
between the energies of the gamma 
rays accompanying the thorium C —» 
thorium C" process and the energies 
of the various levels derived above. 
Such is undoubtedly the case. Six 
gamma rays, with energies of 0.040, 
0.327, 0.287, 0.471, 0.432 and 0.451 
Mev, respectively, have been detected 
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Fig. 7.10. Transitions between nuclear 
energy levels in thorium C" correlated 
with gamma-ray energies. 

in this radioactive change, and it can 
be seen from Fig. 7.10 that these 
values can be accounted for, within 
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about 0.001 Mev, by the transitions 
indicated by arrows. 

7.104. Several instances of radioac¬ 
tive changes accompanied by gamma 
rays, some in association with the 
emission of alpha particles and others 
with beta particles, have been investi¬ 
gated in a manner similar to that de¬ 
scribed for the thorium C —> thorium 
C" disintegration. In every case the 
energies of the gamma rays can be 
explained quantitatively in terms of 
transitions between nuclear levels 
whose energies have been derived from 
those of the alpha and beta particles, 
as described above. Thus, gamma rays 
may be regarded as a form of nuclear 
spectrum which provides information 
concerning nuclear energy levels, just 
as optical and X-ray spectra permit 
the interpretation of electronic levels. 
It is of interest to mention in this con¬ 
nection that the analogy can be ex¬ 
tended, in some measure, to nonradio- 
active elements. By supplying suffi¬ 
cient energy, the nuclei of a number of 
stable elements can be raised to excited 
energy states which then decay, at a 
measurable rate, to the normal state 
while emitting gamma radiation 
(§ 10.123). 

7.105. It may be asked why some 
radioactive changes are accompanied 
by gamma radiations, whereas others 
are not. The answer is that the situa¬ 
tion is determined largely, although 
not entirely, by the nuclear spins. In 
general, if the spin quantum number 
of the parent nucleus is the same as 
that of the daughter nucleus in the 
ground state, the transition is “al¬ 
lowed.” There will then usually be no 
gamma radiation. A good example of 
this behavior is provided by the mir¬ 
ror nuclei referred to in § 7.82. In 
nearly all cases there is no (or very 
little) gamma radiation accompanying 
the radioactive decay. If the nuclear 
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spins in the ground states of the parent 
and daughter differ, however, the 
transition is “forbidden,” to some ex¬ 
tent at least. There is a strong proba¬ 
bility that decay will then occur to an 
excited state of the daughter nucleus. 
This will be followed by the transition 
to a lower energy state of the latter, 
accompanied by the emission of 
gamma rays. 

Internal Conversion 
of Gamma Rays 

7.106. Useful information concern¬ 
ing gamma rays has been obtained 
from the phenomenon now known as 
internal conversion. In 1914, E. Ruth¬ 
erford suggested the possibility that in 
emerging from a nucleus the gamma 
ray (photon) may produce a kind of 
photoelectric effect with one of the 
orbital electrons of the same atom. As 
a result, the whole of the energy is 
transferred to the electron. The gamma 
ray is then said to be internally con¬ 
verted. The electron which interacts 
with the gamma-ray photon is ejected 
from the atom with kinetic energy 
equal to E — P, where, as before, E is 
the gamma-ray energy quantum and 
P is the binding energy of the electron 
in the atom of the radioelement emit¬ 
ting the gamma radiation. This is pre¬ 
sumed to be the daughter element in 
the given disintegration. If the ejected 
electron came from the first quantum 
level of the atom, usually called the 
K, level (§4.72), then P can be re¬ 
placed by E k , where E K , according to 
the theory of the origin of X-rays, is 
the energy of the K line of the char¬ 
acteristic X-rays of the daughter ele¬ 
ment. Hence, the electron should be 
ejected with a kinetic energy of E — 
JtV- Similarly, if the electron originates 
In the second ( L ) level, its kinetic 
energy should be E — E L . 

7.107. If the gamma-ray energy E 


has a definite value, then as a result 
of internal conversion there should be 
emitted a number of groups of elec¬ 
trons having discrete energies. There 
is no doubt that these are the second¬ 
ary electrons, having definite energy 
values, that have long been known to 
accompany the primary beta particles 
which exhibit a continuous distribution 
of energy (§7.43). Because of their 
definite energies, the internal conver¬ 
sion electrons are said to give a line 
spectrum, as distinct from the continu¬ 
ous spectrum of the beta particles. It 
should be mentioned here that, as a 
general rule, only a small proportion 
of the gamma-ray photons have theif 
energy internally converted; the frac¬ 
tion so converted, called the internal 
conversion coefficient , usually de¬ 
creases with increasing energy of the 
gamma rays. * 

7.108. The validity of the preceding 
arguments can be checked in several 
ways. The energies of the internal con¬ 
version electrons have been deter¬ 
mined in a number of instances, by 
the magnetic spectrograph, and adding 
to these the energy values for the ap¬ 
propriate K, L, etc., lines of the char¬ 
acteristic X-ray spectrum of the 
daughter element should give the en¬ 
ergies of the gamma rays prior to 
conversion. A case which has been 
thoroughly studied is the electron line- 


Electron Line Spectrum and Gamma 
Rays for the Radium B —> Radium C 
Transition 


Energy 

of 

Electron 

(Mev) 

Radium 

C 

X-Ray 

Line 

Binding 

Energy 

(Mev) 

Total 

Energy 

(Mev) 

Gamma 
Ray l 
Energy 
(Mev) 

0.0368 

L 

0.0161 

0.0529 

0.0529 

0.1510 

K 

0.0887 

0.2397 

0.240 

0.1617 

K 

0.0887 

0.2564 

0.257 

0.2041 

K 

0.0887 

0.2929 

0.293 

0.2605 

K 

0.0887 

0.3493 

0.360 
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spectrum of the process radium B —» 
radium C. A few of the measured 
kinetic energies are given in the table 
together with the binding energies 
derived from X-ray data of radium C; 
these are added and compared with the 
accepted values for the energies of five 
gamma rays. The excellent agreement 
of the figures in the last two columns 
provides support for the views pre¬ 
sented above. Incidentally, the deter¬ 
mination of the energies of the conver¬ 
sion electrons thus represents another 
method for evaluating gamma-ray 
energies. 

7.109. It will be noted that the 
0.0529 Mev gamma ray ejects an L 
electron but not a K electron; the 
reason is that the removal of the K 
electron requires 0.0887 Mev, which is 
greater than the energy available in 
this case. The other rays expel L, M 
and N electrons, in addition to the K 
electrons, but the results are not 
recorded here. 

7.110. When a gamma ray is inter¬ 
nally converted and ejects a K, L, etc., 
electron, it is to be anticipated that 
the vacancy will be filled by one of the 
other electrons in the atom. From 
what has been stated in § 4.72, it is 
apparent that this process should be 
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accompanied by the emission of the 
K } L, etc., line of the characteristic 
X-rays of the daughter element. Such 
X-rays have, in fact, been observed in 
several instances of internal conver¬ 
sion, and the energies are found to c be 
just as expected according to theory. 

7.111. A final point is worthy of 
mention in conclusion. It has been 
tacitly accepted, so far, that gamma 
rays are due to transitions between 
energy levels in the daughter nucleus, 
rather than in that of the parent, for 
a given radioactive decay. That this 
assumption is justified is shown by 
the observations made in connection 
with internal conversion phenomena. 
The binding energies of the electrons, 
obtained by subtracting their meas¬ 
ured kinetic energies from the known 
gamma-ray energies, and the observed 
frequencies of the characteristic 
X-rays, to which reference has just 
been made, are definitely those of the 
daughter, and not of the parent, ele¬ 
ment. These facts provide clear proof 
of the contention that the gamma rays 
are emitted from the excited daughter 
nucleus which remains after the par¬ 
ent has ejected either an alpha or a 
beta particle. 
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Chapter VIlI 

THE DISCOVERY OF ISOTOPES 


Radioelements and the 
Periodic System 

.f- 1, , B J 1911 > nearly forty species 
with different radioactive properties 
were known, but only twelve positions 
were available to accommodate them 
in the periodic table (§1.44). The 
obvious question then was: How can 
forty elements be fitted into twelve 
places? It was apparent that, if the 
periodic classification was not to break 
down completely in the high atomic 
weight region, several radioactive spe¬ 
cies would have to occupy one posi- 
Ijiion, at least in certain cases. Some 
evidence for this possibility had been 
obtained by a number of investigators 
including H. N. McCoy and B. B. 
Boltwood in the United States ( see 
9 5.44), W. Marckwald in Germany, 
and F. Soddv in Great Britain. It had 
been found that certain groups of 
elements,” having quite distinct ra¬ 
dioactive properties, could not be sepa- 
. rated by any chemical means avail¬ 
able.* In spite of the difference in the 
nature of the disintegrations, the spe¬ 


cies within each of the groups ap¬ 
peared to be identical chemically. Re¬ 
viewing the situation at the end of 
1910, Soddy said: “The evidence of 
chemical identity is not of equal 
weight for all the . . . cases, b,ut the 
complete identity of ionium, thorium 
and radiothorium, of radium and 
mesothorium-1, and of lead and ra¬ 
dium D may be considered thoroughly 
well established.” In the same review, 
attention was called to the identity of 
the three gaseous emanations which 
have properties analogous to i those 
of the inert gases of the atmosphere. 

8.2. The chemistry of radium, being 
very similar to that of barium, pre¬ 
sumably placed it in the alkaline-' 
earth family, that is, in Group II of the 
periodic table (§1.46), whereas the 
properties of thorium appeared to 
make it fit best into Group IV.f The 
emanations undoubtedly belong to 
Group 0, and so it is possible to draw 
up the accompanying scheme for two 
of the alpha-emitting stages of the 
uranium and thorium series (§5.58), 


f sh °wdfJTp^en 1 railntTmurh'/.phicago, wer e apparently the first, 

nearly 200 precipitations, using oxalic acid b e identical cheimcally. In spite of 

in/IS) .rid, mJt'iufnllyTnot actually VgkIud IV ?h nctinide , aeries of elements (SSI.49, 
mve a vnlczM'B of four, which is chnrnctmstip nf stable compounds 

Hio argument. nmractmstio of Group IV, nnd this is really the point of 
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based on the identity of chemical 
properties mentioned above. 

Group 

IV II o 

Thorium -^» Mesothorium —> Emanation 
Ionium —* Radium —^ Emanation 

8.3. This striking regularity led 
Soddy to suggest, in 1911, that “the 
expulsion of the alpha particle causes 
the radioelement to change its position 
in the periodic table . . . into the 
next but one [group] in the direction 
of diminishing group number.” This 
was the first step in the development 
of an important generalization which 
could not be completed at the time, 
because of a lack of knowledge con¬ 
cerning the chemical properties of the ' 
elements involved in beta disintegra¬ 
tions. At Soddy’s suggestion, therefore, 
A. Fleck undertook a systematic 
investigation of a number of radio¬ 
elements for the purpose of supplying 
additional information. In the course 
of this work, part of which was pub¬ 
lished in 1912 and the remainder in 
1913, he found that radium B, radium 
D, thorium B and actinium B were 
chemically identical with and entirely 
inseparable from lead (Group IV). 
The products resulting from beta- 
particle emission, namely, radium C, 
radium E, thorium C and actinium C, 
respectively, were completely identical 
with bismuth {Group V). It seemed, 
therefore, that the loss of a beta par¬ 
ticle was accompanied by a change to 
the next higher group of the periodic 
table. 

8.4. In the early days of 1913 in¬ 
terest in this subject ran high and 
there was keen competition among 
scientists to be the first to provide a 
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satisfactory correlation between radio¬ 
active transformations and the asso¬ 
ciated changes in the periodic table. 
The events of the time may well be de¬ 
scribed in the words employed by 
Soddy in his contribution to the dis¬ 
cussion on Radioelements and the 
Periodic Law held at the meeting of 
the Chemistry Section of the British 
Association, in Birmingham, England, 
in September 1913. J< [0n January 31, 
1913] A. S. Russell, who krtew of 
Fleck’s results, put forward the view 
that in the beta-ray change the posi¬ 
tion of the element in the periodic 
table changes by one place, and he 
was the first to publish a complete 
scheme showing the passage of the 
radioelements through the periodic 
table. His scheme was in certain re¬ 
spects imperfect,* and it was fol¬ 
lowed almost immediately [February 
15, 1913] by another by K. Fajans, 
who put forward the complete law in 
its present form, and made important 
and accurate deductions. . . . Soddy 
independently [February 28, 1913] 
arrived at a complete scheme similar 
to that of Fajans, but which in one 
respect possibly went somewhat fur¬ 
ther in regard to the generalization 
that all elements falling into the same 
place in the periodic table ... are 
chemically identical, [and] nonsepa- 
rable by chemical methods.” 

The Group Displacement 
Law: Isotopes 

8.5. The scheme referred to by 
Soddy in the foregoing quotation is 
called the group displacement law, and 
it may be stated in the following form: 
When an alpha particle is emitted in a 
radioactive change the product occu« 
pies a position two places to the left of 


* Russell was evidently of the opinion that the change of two places in the' ^ b J e 
panving alpha emission and of one place associated with beta emission miaht be in the 
direction either of increasing or of decreasing group number. Actually, the former change 
always leads to a decrease, and the latter to an increase. 
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Isotopes 
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Fig. 8.1. Atomic number and atomic weight (mass number) changes in 
the natural radioactive disintegration series. 
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its parent in the periodic table, where- | 
as the emission of a beta particle re¬ 
sults in a shift of one place to the 
right. Since the atomic number of an 
element is its ordinal position in the 
periodic system (§ 1.44), the displace¬ 
ment law implies that an alpha-parti¬ 
cle change is accompanied by a de¬ 
crease of two units, and a beta-particle 
emission by an increase of one unit, in 
the atomic number. On the basis of 
this generalization, and recalling that 
the loss of an alpha particle means a 
decrease of four units of atomic 
weight, whereas the ejection of a beta 
particle leaves the mass virtually un¬ 
changed, it is possible to represent the 
changes of atomic number and atomic 
weight occurring in the three natural 
disintegration series in the manner 
shown in Tig. 8.1. An alpha-ray change 
is represented by an arrow sloping 
downward and to the left, and a beta- 
ray transition by a horizontal arrow ! 
pointing to the right. The symbols of 
the common names of the elements 
with atomic numbers from 81 through 
92 are indicated in each case. The 
“corresponding element,” recorded in 
the second column of the tabulations 
of the radioactive series in § 5.58, is 
thus the more common name for the 
element with the same atomic number 
as the given radioelement. 

8.6. Since all the elements in any 
one vertical line of Fig. 8.1 have the 
same atomic number, it follows that 
they must occupy the same place in 

ISOTOPES AND AT 

The Nucleus and the Group 
Displacement Law 

8.9. Since the emission from the 
atomic nucleus of an alpha particle, 
carrying two positive charges, is ac¬ 
companied by a decrease of two units 

* From tlie Greek, ixu (same), topon (plum). 


Atomic Energy Chap. VIII 

the periodic table. For example, there 
are seven elements, all with differ¬ 
ent radioactive properties, having the 
atomic number 84, so that they all fit 
into the position associated with the 
element polonium. In this manner all 
the known radioelements can be ac¬ 
commodated in the limited number of 
places available in the periodic table. 

8.7. For elements occupying the 
same position in the periodic system, 
Soddy, in 1913, proposed the name 
isotopes;* thus radium A, radium C', 
radium F, actinium A, actinium C', 
thorium A and thorium C', in the 84th 
ordinal position, are isotopes. They 
are said to be isotopic with one another 
and also with the eletnent polonium 
from which they are inseparable by 
chemical means. Isotopic elements are, 
therefore, chemically indistinguish¬ 
able, although their radioactive prop¬ 
erties, and even their atomic weights, 
are different. 

8.8. As a consequence of this fact, 
the chemistry of short-lived elements, 
such as thorium C' with a half life of 
less than a millionth of a second, is 
well known, because they are isotopic 
with common elements. In 1908, be¬ 
fore the development of the concept of 
isotopes, the English scientist A. 
Smithells had referred to radiochemis¬ 
try as “the chemistry of phantoms.” 
Little did he realize that within a few 
years the properties of such phantoms 
would be as familiar, in many cases, 
as those of lead, bismuth and thallium. 

3MIC STRUCTURE 

in the atomic number, while the emis¬ 
sion of a beta particle, with a single 
negative charge, increases the atomic 
number by one unit, it appeared to 
Soddy that there was a relationship 
between the atomic number anti the 
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positive nuclear charge. But before he 
was able to make an explicit statement 
on the subject, van den Broek put 
forward the idea—for which the work 
of Moseley on characteristic X-rays 
provided support—that the charge on 
the nucleus was equal to the atomic 
number (§ 4.23). Subsequently, Soddy 
expressed the opinion that the proof of 
the chemical identity of isotopes pro¬ 
vided simpler and more convincing 
evidence than did that of Moseley for 
the contention that successive places 
in the periodic system represented unit 
differences of nuclear charge. Be that 
as it may, it is an undoubted fact that 
the group displacement law is in com¬ 
plete harmony with the accepted view 
that for any element the nuclear charge 
is equal to the atomic number. 

8.10. A consideration of the changes 
occurring in the atomic nucleus upon 
the emission of alpha and beta parti¬ 
cles is of interest in this connection. 
According to present-day views, an 
atomic nucleus consists of A — Z neu¬ 
trons (zero charge), and Z protons 
(unit positive charge), where A is the 
atomic weight of the element to the 
nearest integer, and Z is equal to the 
nuclear charge and hence to the atomic 
number. The atomic weight is then 
(approximately) equal to the total 
number of nucleons, i.e., to the total 
number of neutrons and protons 
(§ 4.36). An alpha particle, which is a 
helium nucleus, is made up of two neu¬ 
trons and two protons, so that if A 
and Z refer to a radioactive parent, 
the corresponding numbers of neutrons 
and protons in the daughter element, 
after the emission of an alpha particle, 
will be A — Z — 2 and Z — 2, respec¬ 
tively. The atomic weight will thus 
be (A - Z - 2) + (Z — 2), i.e., A - 
4, and the nuclear charge, or atomic 
number, will he Z — 2. Thus, in ac¬ 
cordance with the group displacement 
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law, the loss of an alpha particle 
means a decrease of two units in the 
atomic number. 

8.11. The expulsion of a beta par¬ 
ticle involves first the conversion of a 
neutron into a proton and an electron, 
together with a neutrino (§ 7.50); the 
electron is then ejected, while tfie 
proton remains in the nucleus. In other 
words, as a result of a beta-ray 
change, a neutron has been replaced 
by a proton; there is thus the loss of 
one neutron and the gain of one proton 
to the nucleus. Considering the gen¬ 
eral case, once more, of a nucleus con¬ 
taining A — Z neutrons and Z protons, 
the daughter nucleus after the emission 
of a beta particle will consist of A — 
Z — 1 neutrons and Z + 1 protons. 
The atomic weight will consequently 
remain essentially unchanged af, (A — 
Z — 1) + (Z + 1), that is, A, but the 
atomic number will be Z + 1. As re¬ 
quired by the group displacement law, 
the atomic number is increased by 
unity. 

Isotopes and Nuclear : 

Structure 

8.12. It is evident from the pre¬ 
ceding arguments or, in fact, from any 
form of the displacement law, that in 
any succession of one alpha-particle 
and two beta-particle emissions, irre¬ 
spective of the order, the resulting 
element must have the same atomic 
number as, and hence be isotopic with, 
the initial parent. An illustration of 
this is provided by the three disinte¬ 
gration stages—alpha, beta, beta—at 
the beginning of the uranium Series'; 
the fourth element, uranium II, is iso¬ 
topic with the first element, uranium 
I (Fig. 8.1). Since the expulsion of an 
alpha particle means the loss of two 
neutrons and two protons from the 
nucleus, whereas the emission of each 
beta particle results in the loss of a 
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neutron but the gain of a proton, the 
changes in the nucleus accompanying 
one alpha- and two beta-particle 
processes are then as follows: 

Neutrons Protons 

Emission of alpha 

particle — 2 —2 

Emission of two beta 

particles —2 +2 

8.13. The net effect of the three 

radioactive (alpha, beta, beta) changes 
is, therefore, the loss of four neutrons 
from the nucleus, but the number of 
protons, that is, the nuclear charge, 
is the same as for the original element. 
The difference between isotopes is, 
consequently, that their nuclei contain 
different numbers of neutrons, but the 
same number of protons. The result is 
that isotopic elements have the same 
nuclear charge, and hence the same 
atomic number, but different atomic 
weights, for the number of protons 
determines the former and the total 
number of nucleons (neutrons and 
protons) governs the latter. 

8.14. In the type of isotopy con¬ 
sidered above, the atomic weights 
differ by four units, but this is merely 
a consequence of the special case 
chosen to derive the general result. 
It can be seen from Fig. 8.1 that the 
elements of atomic number 84, which 
are isotopic with polonium, have 
atomic weights of 218, 216, 215, 214, 
212, 211 and 210. The nuclei all con¬ 
tain 84 protons, but the numbers of 
neutrons are 134, 132, 131, 130, 128, 
127 and 126, respectively. Other in¬ 
stances of the same general behavior 
will be given later. 


8.15. Before the year 1913, which 
was notable for so many remarkable 
advances in atomic science, it was gen¬ 
erally considered, especially in view of 
the success of the periodic system, that 
the chemical properties of the elements 
were determined by their atomic 
weights. The discovery of isotopes, 
having identical chemical properties 
but different atomic weights, and the 
correlation of the atomic number with 
the nuclear charge, established the 
fact that chemical properties are de¬ 
pendent on the atomic number and 
not on the atomic weight. The atomic 
number is fundamental, while the 
atomic weight is, in a sense, incidental) 
As the present chapter unfolds, the full 
significance of this statement will be¬ 
come increasingly evident. Attention 
may be called, in this connection, to 
the existence of several radioelements 
with the same atomic weight.* Such 
species were called isobaresf by the 
British chemist A. W. Stewart in 1918, 
but the name isobars is now generally 
employed. Thus, radium B, radium C 
and radium C' are isobaric, the atomic 
weight of each being 214, but their 
chemical properties are quite different, 
since they have different atomic num¬ 
bers. 

8.16. It appears that the chemical 
properties of an element are deter¬ 
mined to a great extent by the number 
and arrangement of the extranuclear 
(or orbital) electrons (§4.68). Since 
isotopic elements have the same nu¬ 
clear charge, they will have the same 
number of orbital electrons, undoubt¬ 
edly arranged in the same manner. 
This is probably why isotopes are 


* Strictly speaking, it is the "mass numbers,” i.e., the integers nearest to the atomic 

weights (1 8.60). which are the same. ,, , , 

t From the Greek, iso (same), bnro* (weight). The term lsobares, rather than the more 
obvious "isobars ” was originally suggested, since the latter is generally employed to indicate 
lines of constant pressure on a weather map. 
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identical chemically.* Similarly, any 
properties which depend essentially on 
the extranuclear electrons, such as op¬ 
tical and X-ray spectra (§§ 4.42, 
4.71), will be the same for isotopic ele¬ 
ments. There are very slight changes 
in the spacings of the lines, which are 
significant in certain instances, but 
these are due to small differences in the 
masses of the isotopic nuclei; the main 
structure of the spectrum is, however, 
the same for the different isotopes. 

8.17. Radioactive properties, on the 
other hand, are definitely associated 
with the nucleus; they are determined 
by the individual numbers of both 
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protons and neutrons, and not merely 
by one or the other, or by their sum. 
It is obvious that isotopes, which have 
equal numbers of protons, exhibit dif¬ 
ferent radioactive properties, and the 
same is true for elements, such as 
radium and actinium, for example, 
having equal numbers of neutrons .f 
Further, the nuclei of isobaric elements 
contain the same total number of 
nucleons, i.e., neutrons and protons, 
but they manifest differing radioactive 
behavior. It is evident, therefore, that 
radioactivity is governed by the partic¬ 
ular combination of neutrons and pro¬ 
tons in the given nucleus. 


STABLE ISOTOPES 


End Products of 
Radioactive Series 

8.18. In 1905, Boltwood had called 
attention to the presence of lead in 
uranium minerals, and he thought that 
this metal might be an end product of 
the uranium series. In the same year, 
Soddy pointed out that, since the final 
product of radioactive disintegration is 
not undergoing change, it might be 
difficult to determine its identity, for 
it would probably prove to be one of 
the familiar stable elements. He sug¬ 
gested, on the basis of atomic weight 
considerations, that it might be either 
lead or bismuth. As the result of a 
study of the ratio of lead to uranium 
in a large number of minerals, Bolt- 
wood, in 1907, concluded that “on the 
basis of this evidence the assumption 
would appear to be justified that lead 
is the final product of uranium.’ 7 

8.19. In the following years this 


view was generally adopted, and the 
realization, in 1913, that radiumjG, the 
end product of the uranium series, was 
actually isotopic, and hence chemically 
identical, with lead supplied the defi¬ 
nite proof that had hitherto been lack¬ 
ing. At the same time, it was seen 
(Fig. 8.1) that actinium D and thor¬ 
ium D, the nonradioactive end-prod¬ 
ucts of the actinium and thorium 
series, respectively, also had atomic 
numbers of 82, and hence were iso T 
topes of lead. This element is conse¬ 
quently the end product of the three 
natural radioactive series, and its 
universal association with uranium 
and thorium minerals can be readily 
understood. It is of interest to recall 
here that the end product of the kn 
+ 1 neptunium series, which no longer 
exists in nature, is not lead, but bis¬ 
muth (§ 5.64). 

8.20, In the course of a consider- 


*It will be seen later (§ 8.74) that there are some minor differences in the chemical reac¬ 
tivity of isotopes which have important consequences. These differences are not due to 
differences in the nature of the chemical reactions, but rather to their rates. The former 
depends on the electronic arrangement, but. the mass of I he atom affects the latter. 

T Elements coni riming equal numbers of neutrons have been culled ixotones by K. Guggon- 
heimer in 1034. 
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ation of the implications of the group 
displacement law. Soddy realized that, 
although the end products of the ura¬ 
nium and thorium series were both iso¬ 
topic with lead, the atomic weights, as 
seen from Fig. 8.1, should be 206 and 
208, respectively, as compared with 
207.2 for ordinary lead. This astonish¬ 
ing conclusion was entirely revolution¬ 
ary in character, since elements had 
previously been regarded as having 
definite atomic weights. But it seemed 
inevitable if the group displacement 
law and the concept of isotopes had 
any real basis of fact. Experimental 
proof that lead originating from ura¬ 
nium has a different atomic weight 
from that derived from thorium, while 
both differ from that of lead obtained 
from nonradioactive sources, would 
thus provide convincing evidence for 
the theory of radioactive decay and 
the existence of isotopes. 

8.21. The mineral thorite, from 
Ceylon, consists mainly of thoruim 
with relatively little (1 to 2 per cent) 
uranium, and about 0.4 per cent of 
lead; hence, it seemed likely that the 
latter was produced entirely by radio¬ 
active decay of the thorium. Conse¬ 
quently, Soddy, in conjunction with 
H. Hyman, set out to extract and 
purify the lead from thorite, and then 
to determine its atomic weight. They 
obtained 1.2 grams of purified lead 
chloride, and determined the atomic 
weight by making comparison meas¬ 
urements with lead chloride from a 
nonradioactive source. In May 1914 
it was reported that, in agreement 
with expectation, the atomic weight of 
the thorium lead was about one unit 
higher than that of ordinary lead. 

8.22. Because of the difficulties as¬ 
sociated with the accurate determi¬ 
nation of atomic weights, especially 
when working with small amounts of 
material, M. E. Lembcrt came from 
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Germany, at the suggestion of K. 
Fajans, to study the atomic weights of 
lead from various sources in the Har¬ 
vard University laboratory of T. W. 
Richards, who was recognized as the 
leading authority in this field of in¬ 
vestigation. In 1914, Richards and 
Lembert made direct determinations 
of the atomic weight of lead extracted 
from several uranium minerals, and in 
every case they found the values to be 
definitely lower than that of ordinary 
lead. The lowest result obtained was 
206.40 for lead from uraninite, found 
in North Carolina; even though the 
figure was not down to 206, the theo¬ 
retical value, probably because the 
lead was of mixed origin, the low value 
was nevertheless significant. The same 
conclusion, that the atomic weight of 
lead from uranium minerals was less 
than that of ordinary lead, was also 
reached independently by Maurice 
Curie in France, and by O. Honig- 
schmid and S. Horovitz in Austria 
during the year 1914, so that the 
accuracy of the result could not be in 
serious doubt. 

8.23. In reporting, in the early part 
of 1915, on the work dealing with the 
atomic weight of lead from radioactive 
sources, Soddy wrote: “Bearing in 
mind that two of the four researches 
. . . have been carried out by chemists 
[Richards and Honigschmid] experi¬ 
enced in atomic weight determinations, 
and that much of the mineral examined 
was no doubt of very mixed compo¬ 
sition, so that not all the lead present 
can be reasonably assumed to have 
been of radioactive origin, it is clear 
that the theoretical predictions have 
received remarkable confirmation . . . 
that an investigator as experienced in 
atomic-weight work as Professor T. W. 
Richards should regard his results as 
definitely establishing a variation in 
the chemical equivalent of lend from 


Isotopes 


205 


different sources ... is perhaps the 
chief result gained.” Soddy indicated 
that the data available at that time 
were still of a somewhat preliminary 
nature, and he said that “further re¬ 
sults with carefully selected minerals 
must be awaited.” 

8.24. Actually, subsequent measure¬ 
ments, made with the greatest care, 
have amply confirmed the earlier re¬ 
sults. Some of the more interesting 
values are tabulated here; they may be 


and having identical chemical proper¬ 
ties, may perhaps not be considered 
surprising, but the remarkable fact is 
that an ordinary, nonradioactive ele¬ 
ment like lead can also exist in isotopic 
forms. Thus, although the various 
specimens of nonradioactive lead sepa¬ 
rated from uranium and thorium min¬ 
erals have atomic weights differing by 
nearly two units, they are completely 
identical and indistinguishable in their 
chemical properties. The discovery of 


Atomic Weight of Lead # from Radioactive Minerals 


uranium minerals Source Atomic Weight Investigator 

Cleveite. Norway 206.08 T. W. Richards 

Broggerite. Norway 206.01 T. W. Richards, 

Pitchblende. W. Africa 206.05 O. Honigschmid 

Kolm. Sweden 206.01 G. P. Baxter 

THORIUM MINERALS 

Thorite. Ceylon 207.8 O. Honigschmid 

Thorite. Norway 207.9 O. Honigschmid 


compared with the atomic weight of 
207.2 for lead from nonradioactive 
sources. The striking agreement with 
theoretical expectation, which pre¬ 
dicted the atomic weights of lead from 
uranium and thorium to be 206 and 
208, respectively, provides the strong¬ 
est possible support not only for the 
group displacement law, but also for 
the whole theory of radioactive dis¬ 
integration. It required the latter to 
predict the atomic weights of the end 
products, and it was a combination of 
both which indicated that they should 
be chemically indistinguishable from 
lead. 

8.25. The results just described have 
an important significance apart from 
their bearing on the theories of radio¬ 
activity and the problem of the ac¬ 
commodation of the known radioele¬ 
ments in the limited number of places 
available in the periodic system. The 
existence of radioactive isotopes with 
different atomic weights, occupying 
the same position in the periodic table 


the existence of stable isotopes of lead 
indicated the possibility that other 
nonradioactive elements might * occur 
in isotopic forms, and in this connec¬ 
tion concurrent developments in an 
apparently unrelated field were des¬ 
tined to play an important part. 

Positive-Ray Analysis 

8.26. As stated in § 2.62, the rays of 
positively charged particles formed by 
the passage of an electrical discharge 
through an evacuated tube had been 
shown by W. Wien to consist of atomic 
or molecular ions of the gas present in 
the tube. The nature of these ions can 
be investigated by studying the deflec¬ 
tion of the positive rays in electric and 
magnetic fields, making use of a prim 
ciple first employed by W. Kaufmann 
in 1901 for beta particles (electrons), 
and in the following year by Wien for 
positive rays. 

8.27. A narrow beam of positively 
charged particles, such as constitute 
the positive rays, will normally travel 
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in a straight line, but if subjected to an 
electric or magnetic field the beam will 
be deviated from its original direction. 
Imagine a single positively charged 
particle moving downward perpendicu¬ 
lar to the plane of the paper, striking 
it at the point 0 in Fig. 8.2. Suppose a 



Fig. 8.2. Principle of positive-ray 
analysis. 


where k 2 is also dependent on the 
dimensions of the apparatus. By ap¬ 
plying the electric and magnetic fields 
simultaneously, the particle is de¬ 
flected to P, the coordinates of which 
are determined by x and y, as given by 
equations (8,1) and (8.2). If v is 
eliminated from them, it follows that 

x = (8.3) 

jl* e 

where k is another constant related to 
ki and k 2 . \ 

8.29. If, instead of one positive par¬ 
ticle, a beam of positive rays is con¬ 
sidered, in which all the particles have 
the same ratio of mass m to charge e , 
so that m/e is constant, but not neces¬ 
sarily the same velocity, it follows 
from equation (8.3) that 


uniform electric field of strength E is 
applied, so that the particle is deflected 
to the right and strikes the paper at X ; 
the distance x from 0 to X is then 
given by 

X = &!-,- (8.1) 

mv 2 

where k i is a constant depending on the 
dimensions of the apparatus, e is the 
charge on the particle, which must be 
a multiple of the electronic charge, and 
m and v are the mass and velocity, 
respectively, of the positive particle. 

8.28. Suppose, however, that in¬ 
stead of the electric field, a magnetic 
field H is used to deflect the particle in 
a direction perpendicular to OX J so 
that it strikes the plane of the paper at 
Y ; the displacement y from 0 to Y is 
now expressed by 

v = k*—, ( 8 - 2 ) 

mv 


x = constant X // 2 , (8.4) 

provided the strengths of the electric 
and magnetic fields, that is, E and 
II, remain constant. The positively- 
charged particles, of' constant m/e, 
which are deflected by these fields will 
thus fall on a series of points, of which 
P is one, whose coordinates satisfy 
equation (8.4). This expression is the 
mathematical representation of a pa¬ 
rabola, and so it follows that the 
points when joined together will form 
a parabolic curve, such as .4.4 in Fig. 
8 . 2 .* 

8.30. An examination of equations 
(8.1) and (8.2) shows that, for a given 
particle, the displacements x and y 
depend on the velocity of the particle, 
the greater the velocity the smaller the 
displacement, and vice versa. The 
series of points making up the para¬ 
bolic curve consequently represent pos¬ 
itive particles with different velocities, 


* It should be noted that the curve is not a complete parabola, but only a portion of one. 
It would, nevertheless, be described mathematically us u parabola, although the expression 
“parabolic curve” will be used here. 
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but having the same value of the mass- 
to-charge ratio, m/e. The fast mov¬ 
ing particles are deflected only to a 
small extent, whereas the slower par¬ 
ticles are deflected considerably more. 
The continuity of the curve AA would 
imply that particles having all possible 
velocities, between certain limits, arc 
present in the positive rays. 

8.31. A beam of particles for which 
m/e has a value that is constant, 
but different from the one considered 
above, will be deflected by electric and 
magnetic fields so that the particles 
fall on another parabolic curve BB. 
From equation (8.3) it can be seen 
that the smaller the quantity m/e , the 
larger will be the displacement y for a 
given value of x. The point Q, for 
example, corresponds to a particle 
whose mass-to-charge ratio, m/e , is 
smaller than that for the particle fall¬ 
ing on the point P. In Fig. 8.2, there¬ 
fore, the parabolic curve BB would be 
formed by the deflection of a stream of 
particles of varying velocity, but hav- 
iiiR a constant value of m/e which is 
smaller than that for the curve AA. 
If the ordinates of the points P and Q, 
for a constant value of the displace¬ 
ment x , are y A and y B , respectively, it 
follows from equation (8.3) that 

fcV = (m/e)g , (8.5) 

Vb) (m/e) A 

where the quantities (m/e) A and 
(w/e)j 5 refer to the two sets of par¬ 
ticles falling on the curves AA and BB, 
IfoSpcrtively. If the charges carried by 
the particles are assumed to be equal, 
(tin seen from equation (8.5) that 

U V = 2* (8,6) 

Vb) m A 

It should thus be possible to compare 
the masses and m tt of particles 
present in positive rays by observing 


their deflections, y A and y Bf for con¬ 
stant x , when subjected to the simul¬ 
taneous action of electric and magnetic 
fields. 

8.32. If a beam of positive rays con¬ 
tains particles of different masses then 
they will be sorted out in such a man¬ 
ner that all particles with the same 
mass or, more correctly, all having the' 
same m/e value, will fall on one para¬ 
bolic curve. A method of positive-ray 
analysis is thus available for detecting, 
the presence of, and even for identify¬ 
ing, atomic and molecular particles 
whose masses differ from each other. 

Positive Rays and Isotopes 

8.33. In the course of his extended 
studies of positive rays, J. J. Thomson 
(see § 2.21) made, in 1912, an interest¬ 
ing observation which has a bearing 
on the existence of isotopes of stable 
elements. An electric discharge was 
passed through a vessel containing the 
experimental gas at suitable low pres¬ 
sure. A narrow stream of positive rays 
was obtained in a manner similar to 
that described in § 2.61, using a pierced 
aluminum cathode connected to a fine- 
bore brass tube. After passing through 
electric and magnetic fields arranged 
so as to give deflections at right angles 1 
to one another, as in Fig. 8.2, the 
positive rays were allowed to fall on 
a photographic plate. Upon develop¬ 
ment, the latter showed a series of 
parabolic streaks, each corresponding 
to a definite value of the mass-to- 
charge ratio (m/e) of atomic and 
molecular particles present in the posi¬ 
tive rays, in accordance with the dis-; 
cussion in the preceding section. 

8.34. An illustration of the type of 
result observed is shown in Fig. 8.3. 
There are here three sets of positive- 
ray parabolas; one corresponds to Fig. 
8 ,2, while the others are obtained by 
reversing, in turn, the direction of 
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either the magnetic or the electric 
field. These three groups of curves are 
essentially reflections of one another in 
the x and y axes; hence, the positions 
of these axes can be found and the 
ordinates of points on the curves deter¬ 
mined. Utilizing the curve produced 
by a substance of known mass, such as 
oxygen, as standard, the masses of 
other atoms and molecules can then be 
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of mass 22, on the atomic weight scale. 
In speaking of this matter in 1913, 
Thomson said: “. . . in addition [to 
the strong neon line] there is a line 
corresponding to an atomic weight of 
22, which cannot be identified with the 
line due to any known gas. I thought 
at first that this line, since its atomic 
weight is one half that of C0 2 , must 
be due to carbonic acid [molecular 
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e(20) 
/Ne(22) 



Fig. 8.3. Thomson’s positive-ray parabolas. 


calculated by means of equation (8.6). 

8.35. The positive-ray photographs 
obtained by Thomson exhibited a 
number of interesting features, but the 
aspects to be considered here will be 
restricted to those having a bearing on 
the subject of isotopes. It was noted 
that when the discharge tube con¬ 
tained neon gas, atomic weight 20.2, 
the photographs always showed, in 
addition to the expected neon line, the 
presence of a line indicating a particle 


weight 44] with a double charge of 
electricity, [so that m/e would be 22], 
and on some of the plates a faint line 
at 44 could be detected. On passing the 
gas slowly through tubes immersed in 
liquid air [which would remove the 
C0 2 ] the line at 44 completely dis¬ 
appeared, while the brightness of the 
one at 22 was not affected. The origin 
of this line presents many points of 
interest; there arc no known gaseous 
compounds of any of the recognized 
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elements which have this molecular 
weight. . . . The fact that this line is 
bright in the sample when the neon 
line is extraordinarily bright, and in¬ 
visible . . . w’hen the neon [line] is 
comparatively feeble, suggests that it 
may possibly be a compound of neon 
and hydrogen, NeH 2 , though no direct 
evidence of the combination of these 
inert gases has hitherto been found.” 

8.36. Although J. J. Thomson was 
not at all sure of the identity of the 
gas giving the mass 22 line in the 
positive-ray photographs, he felt that 
there could “be little doubt that what 
has been called neon is not a single 
gas, but a mixture of two gases, one of 
which has an atomic weight of about 
20 and the other about 22. The parab¬ 
ola due to the heavier gas forms only 
a small percentage of the mixture.” In 
order to throw some light on the situ¬ 
ation, the English scientist F. W. Aston, 
who was then Thomson’s assistant, set 
out to separate the constituents of 
neon gas. The first attempt, based on 
the fractional distillation of neon ad¬ 
sorbed on charcoal cooled in liquid air, 
failed to give any detectable sepa¬ 
ration, and so the possibility of sepa¬ 
ration by diffusion was tried. 

8.37. It has long been known that a 
light gas will diffuse through a porous 
partition more rapidly than will a 
heavier gas; consequently, Aston 
passed neon gas through a pipe-clay 
tube, collected that portion of the gas 
f which diffused through, and allowed 
this to diffuse once more, and so on. 
This procedure proved to be more 
successful, and at the historic meeting 
of the British Association in 1913, to 
which reference was made in § 8.4, 
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Aston announced that after repeated 
diffusion and rediffusion, he had ob¬ 
tained, from 100 cc. of ordinary neon 
gas, two extreme fractions of 2 to 3 cc., 
with atomic weights, calculated from 
their densities, of 20.15 and 20.28, 
respectively. 

8.38. The difference in these atomic, 
weights is small, nevertheless it is 
significant. The fact that the former 
value is less, while the latter is greater,- 
than the atomic weight of ordinary 
neon showed that a partial separation 
of the two constituents of neon had 
been achieved. In his book on Rays of 
Positive Electricity , published in 1913, 
Thomson wrote referring to Aston’s 
results: “He obtained sufficient alter¬ 
ation in the proportion between the two 
gases to produce appreciable changes 
in the relative brightness of the two 
lines [for the masses 20 and 22] in the 
positive-ray photograph, and changes 
in the density large enough to be 
detected. . . . No differences, how¬ 
ever, could be observed in the' spec¬ 
trum of the mixture, and this . . - 
gives some grounds for the suspicion 
that the two gases, although of (Effer¬ 
ent atomic weights, may be indistin¬ 
guishable in their chemical and spec¬ 
troscopic properties.” 

8.39. In other words, it seemed 
possible that neon might exist in two 
isotopic forms with masses of 20 and 
22, respectively; this interpretation of 
the results was later confirmed. It 
may be mentioned, however, that for 
several years Thomson was himself 
reluctant to accept this view, for he 
felt that the possible presence of a 
hydrogen compound, such as NeH 2 , 
could not be ignored. 
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THE OCCURRENCE OF ISOTOPES 


The Whole Number Rule 

8.40. In the period from 1914 to 
1918 the exigencies of the war in 
Europe interfered with the continu¬ 
ation of Aston’s work on neon, but 
upon its resumption his initial efforts 
were devoted to an attempt at im¬ 
proving the degree of separation of the 
two forms of the element by diffusion. 
The results were not too promising, 
and Aston came to the conclusion that 
the best approach to the problem 
would be, as he himself stated, to make 
positive-ray studies “with such ac¬ 
curacy that it could be demonstrated 
with certainty that neither of the two 
atomic weights so determined agree 
with the accepted . . . figure.” Con¬ 
sequently, with the object of improv¬ 
ing the accuracy of the measurements, 
Aston redesigned the positive-ray de¬ 
flection apparatus. In the instrument 
constructed in 1919, the electric and 
magnetic fields were so arranged that 
all particles having the same mass were 
brought to a focus so as to produce a 
fine line rather than a parabola. Since 
each line indicated the presence of 
atoms or molecules of a particular 
mass, the result was referred to as a 
mass spectrum , and the instrument 
was called a mass spectrograph . 

8.41. With his first mass spectro¬ 
graph Aston was able to confirm the 
supposition that two forms of neon 
exist with atomic masses almost ex¬ 
actly 20 and 22, respectively. The 
proportion of the former appeared to 
be approximately ten times the latter, 
so that the mean atomic weight should 
be 20.2, in excellent agreement with 


the accepted value. Turning next to 
the familiar element chlorine, whose 
atomic weight was known with con¬ 
siderable accuracy to be 35.457, Aston 
found that this also gave a mass spec¬ 
trum with two lines corresponding to 
masses very close to 35 and 37, re¬ 
spectively, there being no indication of 
the presence of a^ particle with a 
fractional atomic weight. It appeared, 
therefore, that chlorine, like neon, con¬ 
sisted of a mixture of at least two 
isotopes. 

8.42. By the end of 1920, Aston had 
examined nineteen elements in his 
mass spectrograph and found that 
nine of them consisted of two or more 
isotopic forms with masses which were 
close to integers. Further, it was ob¬ 
served that elements like helium, car¬ 
bon, nitrogen, oxygen, fluorine and 
phosphorus, which have atomic weights 
close to whole numbers, are not com¬ 
posite, as are neon, chlorine, boron, 
argon and other elements.* 

8.43. These results led Aston to 
formulate the whole number rule , which 
is essentially a modified form of Prout’s 
hypothesis (§ 1.38). According to this 
rule all atomic weights are very close 
to integers, and the fractional atomic 
weights determined chemically are due 
to the presence of two or more isotopes 
each of which has an approximately 
integral atomic weight.f The con¬ 
stancy of the atomic weights of the 
elements as they occur in nature— 
with the exception of lead from radio¬ 
active sources—indicates essentially 
constant isotopic composition; that is 
to say, the constituent isotopes of a 


* Later work has shown that small amounts of isotopes are present in helium, carbon, 

nitrogen and oxygen. , ^ „ , . , „ n 

t The same general idea had been expressed in 1915 by W. D. Harkins and F. D. Wilson 
in the United States, and shortly iheieafier by K. Fa jit ns in Germany and by F, Soddy m 
Kiighmd, but ;il. I he time it larked cxperimiiitiLl support. 
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given element are always present in 
substantially the same proportions. 

8.44. The possibility that the chem¬ 
ical elements might consist of groups 
with virtually identical chemical prop¬ 
erties, but different atomic weights, 
was considered during the 1880’s by 
P. Schiitzenberger in France and by 
W. Crookes in England, both of whom 
thought it possible that the accepted 
atomic weights were mean values for 
the two or more members of the group. 
Crookes was influenced by the chemi¬ 
cal similarity of the rare-earth ele¬ 
ments which, at the time, could not 
be fitted into the periodic table. As 
this difficulty has since been overcome, 
the arguments for “meta-elements,” as 
he called them, now lack force. It is 
to Soddy, therefore, that credit is due 
for being the first to envisage the 
situation correctly from the modern 
standpoint, for in 1913 he suggested 
“that each known element may be a 
group of non-separable elements occu¬ 
pying the same place [in the periodic 
table], the atomic weight not being a 
real constant, but a mean value, of 
much less fundamental interest than 
has been hitherto supposed. Although 
. . . matter is even more complex than 
chemical analysis has been able to 
reveal . . . the problem of atomic con¬ 
stitution may be more simple than has 
been supposed from the lack of simple 
numerical relations between the atomic 
Weights.” 

8.45. In this latter conjecture Soddy 
was, of course, correct; but while there 
existed the possibility of fractional 
atomic weights, there could be no 
simple theory of nuclear structure. 
The discovery of the whole number 
rule removed, in the words of Aston, 
Pthe only serious objection to a uni¬ 
tary theory of matter.” The fact that 
all nuclear masses are approximately 
Integral is in complete accord with tho 


211 

view that atomic nuclei are built up 
of neutrons and protons which have 
masses very close to unity on the 
atomic weight scale. As stated in 
§ 8.13, the isotopes of a given element 
differ from one another by the number 
of neutrons in the nucleus; the isotopic 
atomic weights should thus differ by: 
small integers, as is undoubtedly the 
case. It should be mentioned that, al¬ 
though the masses of isotopes approxi¬ 
mate to whole numbers, or to the sum; 
of the masses of their constituent neu¬ 
trons, protons and electrons, certain^ 
differences do exist; these differences,; 
although small, are definite and of, 
great significance as will be seen in' 
Chapter XII. : 

The Isotopic Composition 
of the Elements 

f 

8.46. In 1918, even before Aston had 
built his first mass spectrograph, A. J. 
Dempster in the United States had 
designed an instrument based ,on a 
somewhat different principle which will 
be described below. This instrument 
could be used to determine the ; rela¬ 
tive proportions, as well as the masses, 
of the particles present, and with it 
Dempster examined the metals lithium,, 
magnesium, potassium, calcium and 
zinc. Two years later, he reported that 
these elements, like many of the non- 
metals studied by Aston, consisted 
of mixtures of isotopes with atomic 
weights that were close to whole num¬ 
bers. 

8.47. Before the year 1921, there¬ 
fore, it had been established that sev¬ 
eral elements, with atomic weights' 
ranging from 10 to 238, existed in 
isotopic forms, and that the phenome¬ 
non of isotopy was quite general over 
virtually the whole of the periodic 
table. Since that time the mass spectra 
of all the known elements have been 
investigated and their isotopio compo* 
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Isotopes of the Nonradioactive Elements 



Atomic 



Atomic 


Element 

No. 

Isotopes 

Element 

No. 

Isotopes 

Hydrogen.... 

1 

1, 2 

Indium. 

49 

113, 115* 

Helium. 

2 

3, 4 

Tin. 

50 

112, 114, 115, 116, 

Lithium. 

3 

6, 7 



117, 118, 119, 120, 

Beryllium.... 

4 

9 



122, 124 

Boron. 

5 

10, 11 

Antimony. 

51 

121, 123 

Carbon. 

6 

12, 13 

Tellurium. 

52 

120, 122, 123, 124, 

Nitrogen. 

7 

14, 15 



125, 126, 128, 130 

Oxygen. 

8 

16, 17, 18 

Iodine. 

53 

127 

Fluorine. 

9 

19 

Xenpn. 

54 

124, 126, 128, 129, 

Neon. 

10 

20, 21, 22 



130, 131, 132, 134, 

Sodium. 

n 

23 

J 


136 

Magnesium 

12 

24, 25, 26 

Cesium. 

55 

133 

Aluminum. . . 

13 

27 

Barium. .... 

56 

130, 132, 134, 135, 

Silicon. 

14 

28, 29, 30 



136, 137, 138 

Phosphorus . . 

15 

31 

Lanthanum. . . 

57 

138,* 139 

Sulfur. 

16 

32, 33, 34, 36 

Cerium. 

58 

136, 138, 140, 142 

Chlorine. 

17 

36, 37 

Praseodymium 

59 

141 

Argon....... 

18 

36, 38, 40 

Neodymium.. . 

60 

142, 143, 144,* 145, 

Potassium.... 

19 

39, 40,* 41 



146, 148, 150 

Calcium. 

20 

40, 42, 43, 44, 46, 48 

Promethium... 

61 

— 

Scandium. . . . 

21 

45 

Samarium. 

62 

144, 147,* 148, 149, 

Titanium. 

22 

46, 47, 48, 49, 50 



150, 152, 154 

Vanadium .... 

23 

50, f 51 

Europium.... 

63 

151, 153 

Chromium. . . 

24 

50, 52, 53, 54 

Gadolinium. . . 

64 

152, 154, 155, 156, 

Manganese.. . 

25 

55 



157, 158, 160 

Iron. 

26 

54, 56, 57, 58 

Terbium. 

65 

159 

Cobalt. 

27 

59 

Dysprosium. . . 

66 

156, 158, 160, 161, 

Nickel. 

28 

58, 60, 61, 62, 64 



162, 163, 164 

Copper. 

29 

63, 65 

Holmium. 

67 

165 

Zinc. 

30 

64, 66, 67, 68, 70 

Erbium. 

08 

162, 164, 166, 167, 

Gallium. 

31 

69, 71 



168, 170 

Germanium. . . 

32 

70, 72, 73, 74, 76 

Thulium. 

69 

169 

Arsenic. 

33 

75 

Ytterbium. . . . 

70 

168, 170, 171, 172, 

Selenium. 

34 

74, 76, 77, 78, 80, 82 



173, 174, 176 

Bromine. 

35 

79, 81 

Lutetium. 

71 

175, 176* 

Krypton. 

36 

78, 80, 82, 83, 84, 86 

Hafnium. 

72 

174, 176, 177, 178, 

Rubidium. 

37 

85, 87* 



179, 180 

Strontium. 

38 

84, 86, 87, 88 

Tantalum. 

73 

180,* 181 

Yttrium. 

39 

89 

Tungsten... . 

74 

180, 182, 183, 184, 

Zirconium. 

40 

90, 91, 92, 94, 96 



186 

Niobium. 

41 

93 

Rhenium. 

75 

185, 187* 

Molybdenum.. 

42 

92, 94, 95, 96, 97, 98, 

Osmium. 

76 

184, 186, 187, 188, 



100 



189, 190, 192 

Technetium. . . 

43 

— 

Iridium. . 

77 

191, 193 

Ruthenium 

44 

96, 98, 99, 100, 101, 

Platinum. 

78 

190, 192, 194, 195, 



102, 104 



196, 198 

Rhodium. 

45 

103 

Gold. 

79 

197 

Palladium. 

46 

102, 104, 105, 106, 

Mercury. 

80 

196, 198, 199, 200, 



108, 110 



201, 202, 204 

Silver... . 

47 

107, 109 

Thallium. 

81 

203, 205 

Cadmium . 

48 

106, 108, 110, 111, 

Lead. 

82 

204, 206, 207, 208 



112, 113, 114, 116 

Bismuth. 

83 
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* Radioactive, 
t Probably radioactive. 
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sitions have been determined.* The 
results for the nonradioactive elements 
are tabulated here; the masses of the 
naturally occurring isotopes are given 
to the nearest integers, on the atomic 
weight scale. It is seen that only 
twenty-one elements, about one fourth 
of the whole, are single species; all 
the others consist of two or more iso¬ 
topes of different masses, tin having 
as many as ten isotopes. 

8.48. The accompanying table lists 
over 280 isotopic forms of stable ele- 
mentsf and if to these are added the 
40 or so radioactive isotopes, it is seen 
that a total of more than 320 isotopic 
species exist in nature. In addition 
there have been obtained in recent 
years some nine hundred or so which 
do not occur naturally, so that at the 
present time there have been identified 
considerably more than a thousand 
forms of the known elements. 

8.49. With the increasing complex¬ 
ity of the subject there has been some 
feeling that a more precise terminology 
was desirable. Consequently, in 1947, 
T. P. Kohman, in the United States, 
proposed the term nuclide for a species 
of atom characterized by the constitu¬ 
tion of its nucleus, that is, by the 
numbers of neutrons and protons it 
contains. Thus, the species whose 
masses are given in the table might 
be referred to as naturally occurring, 
[(Stable nuclides. Similarly, every radio¬ 
element is a radioactive nuclide or 
radionuclide. An isotope would then 
be one of a group of two or more 
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nuclides having the same number of 
protons or, in other words, having the 
same atomic number. An element like 
fluorine, of which only one species 
exists in nature, would then be said to 
form a single stable nuclide, rather 
than a single stable isotope, since the 
word isotope seems to imply more than 
one species occupying the same place 
in the periodic system. 

Mass Spectrographs 

8.50. Following upon the pioneering 
work of Aston and of Dempster, which 
has been mentioned above, a great deal 
has been done with the object of im¬ 
proving the accuracy and simplifying 
the operation of the mass spectro¬ 
graph. Both Aston and Dempster made 
important contributions in this, con¬ 
nection, as also have several other 
physicists, notably K. T. Bainbridge, 
W. Bleakney, E. B. Jordan and A. (). 
Nier in the United States, and J, 
Mattauch in Austria. Many instru¬ 
ments have been constructed for deter¬ 
mining both the masses of isotopes and 
their relative proportions. ' A limited 
number of these devices will be de¬ 
scribed here, the selection being based 
on features of special interest. Al¬ 
though the general term mass spectro¬ 
scope is often used, a distinction can 
be made between “spectrometer/’ in 
which a meter measures an ion cur¬ 
rent, and “spectrograph,” in which the 
record appears on a photographic 
plate, 

8.51. In one form of Pempster’s 


* The isotopes of hydrogen, carbon, nitrogen and oxygen were discovered by uleans of 
optical spectra. They were not identified in the earlier mass spectrographs because their 
hunt lines were very close to those of other substances which were, or might have been, 
present. Their existence has been confirmed, however, by means of the later instruments of 
greater resolving power, 

t Actually, at feast nine naturally occurring isotopes of these “stable” elements exhibit 
feeble radioactivity; these are K(40), Rb(87), In (115), La(138), Lu(176), Tu(180) and 
Re (187), which are negative beta emitters, and Nd(144) and Hm(147), which emit nlplm 
particles. The isotope V(5G) muy also be radioactive, Based on the masses of the parent 
and daughter nuclei, about ten others should lx* capable of douhlo-bctu decay, e.g., Cu(48), 
Mo(lOO), 8n(124). TedllO) mi. I Nd(lflO). 
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mass spectrometer, the element being 
studied is vaporized by heating it elec¬ 
trically, and the atoms in the vapor are 
then ionized by bombardment with 
electrons emitted from a hot filament. 
The positively charged ions so pro¬ 
duced emerge from a hole in the plate 
Pi (Fig. 8.4), and they are then ac- 

ION SOURCE TO PUMP TO METER 



Fig. 8.4. Dempster’s mass spectrometer 
(direction focusing). 

celerated by means of a variable elec¬ 
tric field, of 1000 volts or more, applied 
between Pi and P 2 . The ions emerging 
from the narrow slit in P 2 thus all have 
virtually the same energy. If V is the 
potential difference of the electric field, 
the positive ions carrying a charge e 
will acquire energy equal to Ve , in 
passing from Pi to P 2 . This energy is 
kinetic in nature and hence it may also 
be represented by ^mp 2 , where m is 
the mass of the positively charged par¬ 
ticle and v is the velocity with which it 
emerges from the slit in P 2 ; conse¬ 
quently, 

Ve = Vi mv 2 . (8.7) 

The narrow beam of ions emerging 
from P 2 is then made to traverse a 
semicircular path by means of a con¬ 
stant magnetic field operating in a 
direction perpendicular to the plane 
of the diagram. The particles of suit¬ 
able mass are thus able to pass through 


the slit at S and on to a small plate 
connected to an electrometer or similar 
device for measuring the ion current. 

8.52* It was seen in § 2.42 that, when 
a charged particle moves in a suitably 
oriented magnetic field H, the radius 
of curvature r of the path is related to 
the charge e, the mass m, and the 
velocity v of the particle by 


m 


v 

~Hr 


( 8 . 8 ) 


Hence, by combining equations (8.7) 
and (8.8) so as to eliminate v, it follows 
that for the positively charged par¬ 
ticles under consideration 


m 

e 


™ = (8.9) 

2V 


8.53. In the apparatus depicted in 
Fig. 8.4, only those ions moving in a 
path of definite radius, can pass 
through the slit S and so be recorded 
on the electrometer. The m/e value for 
these particles is determined by V and 
Hj according to equation (8.9), and 
hence if the electric and magnetic fields 
are kept constant, only ions of a par¬ 
ticular mass can enter the slit assum¬ 
ing, for simplicity, that the charge e is 
the same in every case. The actual 
value of this mass can be calculated 
from equation (8.9) if V, H and r are 
known, but this is avoided in practice 
by standardizing the instrument with 
a substance of known mass. The poten¬ 
tial V of the electric field necessary to 
cause these particles to follow the re¬ 
quired path is measured and, since 
m/e is known, the quantity H 2 r 2 , 
which is characteristic of the particular 
apparatus, since H and r are both con¬ 
stant, may be readily obtained. 

8.54. After the mass spectrometer 
has been standardized, the potential 
V is adjusted to any desired value, the 
magnetio field H being kept constant, 
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and the corresponding ion current is 
measured in the electrometer. Since 
H 2 r 2 is known and V can be deter¬ 
mined, the mass—more accurately the 
m/e value^of these particular ions can 
be calculated from equation (8.9), and 
their quantity is proportional to the 
strength of the ion current. By using 
a number of different adjustments of 
the accelerating potential V, the masses 
and relative amounts of various iso¬ 
topes present in the apparatus can thus 
be obtained. 

8.55. The special feature of the 
Dempster mass spectrometer is that it 
gives what is known as direction focus¬ 
sing. Thus, charged particles emerging 
from the slit in P 2 in different direc¬ 
tions are all brought to a focus at the 
slit S, provided they have the same 
m/e value. Other instruments, such as 
that of Bainbridge, on the other hand, 
give velocity focussing . In this case a 
beam of positively charged particles 
passing through the slits Si and S 2 
(Fig. 8.5) is acted upon simultaneously 


ION SOURCE 



Fig. 8.5. Mass spectrograph with veloc¬ 
ity focusing. 

by opposing electric and magnetic 
fields. Only those ions remain unde¬ 
flected, and so emerge from the third 
slit Sa f for which the displacements 
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produced by the two fields compensate 
exactly. It can be seen from the argu¬ 
ment in § 2.44, in connection with J. J. 
Thomson’s experiments on cathode 
rays, that the necessary condition for 
this to occur is that the velocity v of 
the charged particles shall be equal to 
E/H, where E is the strength of the; 
electric field,* and H is that of the 
magnetic field. Since the field strengths 
are maintained constant, it follows 
that all the ions emerging from 
have the same velocity. 

8.56. After leaving the slit >S 8 , the' 
stream of charged particles enters an¬ 
other magnetic field which causes it to, 
be deflected into a semicircular path, 
ultimately striking the photographic, 
plate F. The conditions are now analo¬ 
gous to those in the Dempster appa¬ 
ratus so that an equation simiLar to 
(8.8) is applicable. The values of the 
magnetic field strength and of the 
velocity of the particles are, however, 
constant, and hence the radius of curv¬ 
ature of the path is seen to be directly 
proportional to the mass, assuming the 
charge to be the same for all the par¬ 
ticles. Thus each set of particles, each 
isotopic species for example, having 
the same mass, will follow a particular , 
path and will produce a definite line, 
such as Mi or M 2 , on the photo¬ 
graphic plate. From the positions of 
the lines it is a relatively easy matter 
to determine the masses of the isotopic 
particles, in view of the direct pro¬ 
portionality between the mass and the 
radius of the path. Further, by com¬ 
paring the intensities of the lines on 
the plate, the relative amounts of the r 
various species can be determined. 

8.57. For the sake of convenience, 
the foregoing descriptions have re¬ 
ferred to mass spectrographs involving 


It may be noted that the electric field strength E in not I he same as the potential V 
used earlier; E is equal to V/d t where d is the distance between the plates across which the 
potential is applied in order to produce the electric field, 
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one type of focussing or another. The 
more modern forms of the instrument 
employ both direction and velocity fo¬ 
cussing; as a result, it is possible to 
obtain the well-spaced sharp lines, 
which are characteristic of direction 
focussing, together with the simple 
relationship between the position of 
the lines and the masses of the par\ 
tides, which is a feature of velocity 
focussing. Since nothing especially 
novel is involved, it is not necessary to 
consider the matter further, except to 
indicate that a good mass spectrograph 
will give mass values with an accuracy 
of a few parts in a hundred thousand. 

8.58. A mass spectrometer, capable 
of determining isotopic weights with 
great accuracy but based on an entirely 
different principle to those described 
above, was proposed by S. Goudsmit 
in the United States in 1948. It is seen 
from Figs. 8.4 and 8.5 that the positive 
ions follow a semicircular path in a 
magnetic field, but if there were 
nothing to stop them, the path would 
be a complete circle. More correctly, 
since the ions are emitted from the 
source in several directions, they would 
travel in a spiral. If r is the radius of 
curvature, the length of each circular 
turn of the spiral would be 2irr. Since 
the velocity of the ion is v, the time T 
required to traverse a turn of the spiral 
would be 2tt r/v. According to equation 
(8.8), the value of r/v is m/He , and 
so it follows that 



This means that, for a magnetic field 
of given strength H , the time required 
for an ion to complete a turn of its 
circular spiral path is independent of 
the radius of that path but is pro¬ 
portional to the mass of the ion.* This 
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is the principle of the time-of-flight 
mass spectrometer. 

8.59. In the instrument, an ion 
collector is placed directly above or 
directly below the ion source. Thus, 
positive ions which have made one (or 
more) complete circular turns in the 
magnetic field will enter the collector. 
The ions are emitted from the source 
as a pulse of very short duration and 
their arrival at the collector is timed 
electronically. From the time of flight 
the mass of the ions is calculated; the 
instrument is calibrated by timing ions 
of known mass so that the magnetic 
field strength is not required. One 
significant advantage of the time-of- 
flight spectrometer is that the accuracy 
is essentially independent of the mass 
of the ions, whereas with the other 
mass spectroscopes the accuracy de¬ 
creases with increasing mass. 

Isotopic Weights and 
Abundances 

8.60. The accuracy of Aston’s first 
mass spectrograph was inadequate to 
determine whether the masses of the 
isotopes were exactly integral or wheth¬ 
er there were small deviations from 
whole number values. Consequently, he 
proceeded to construct a new instru¬ 
ment capable of greater precision, and 
his second mass spectroscope, com¬ 
pleted about 1925, was capable of giv¬ 
ing results accurate to about one part in 
ten thousand. With this apparatus, As¬ 
ton showed that the masses of the indi¬ 
vidual isotopes (nuclides) on the 
atomic weight scale, commonly known 
as the isotopic weights , actually dif¬ 
fered from whole numbers, although 
the differences were very small. Later 
work by Aston and others has con¬ 
firmed this discovery. Some isotopic 
weights are slightly less than integers 


♦ This is sometimes referred to as the cyclotron principle , for reasons which will be ap¬ 
parent in § 0.57. 
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and others are somewhat greater but, 
with the exception of the heavy radio¬ 
active elements, the maximum devi¬ 
ation is about 0.06 atomic weight unit, 
most of the differences being consider¬ 
ably smaller. The integer nearest the 
isotopic weight, which is commonly 
us^d to identify the isotope, Aston 
called the mass number A The table in 
§ 8.47 thus gives the mass numbers of 
the known stable nuclides of the ele¬ 
ments. 

8.61. It will be seen from this table 
that oxygen consists of three isotopes 
with the mass numbers of 16, 17 and 
18, respectively. Of these, the first one 
is by far the most abundant since it 
constitutes 99.76 per cent of atmos¬ 
pheric oxygen. In the determination 
of isotopic weights by the mass spec¬ 
troscope it is the invariable practice 
to take as the standard of comparison 
the value of 16.0000 for the weight of 
this common isotope of oxygen.f Un¬ 
fortunately, the results so obtained are 
not exactly equivalent to those based 
on the ordinary chemical atomic weight 
scale. The reason for the discrepancy 
is that on the latter scale the figure 
16.0000 is associated with ordinary 
atmospheric oxygen, which is actu¬ 
ally a mixture of isotopes, whereas on 
the mass spectrographic, or physical, 
atomic weight scale this is taken as 
the isotopic weight of the single, most 
abundant isotope.f 

8.62. The relationship between the 
scales may be determined in the 

following manner. Atmospheric oxy¬ 
gen consists of 99.76 per cent of the 
Isotope of mass 16.0000, together with 


0.04 per cent of the one of mass 
17.0045, and 0.20 per cent of that of 
mass 18.0049, all on the physical atomic 
weight scale. The weighted mean of 
these values is 16.0044, so that this is 
the atomic weight of atmospheric oxy¬ 
gen on the physical scale, as compared 
with the postulated value of 16.0000 
on the chemical scale. It follow^ 
therefore, that 

Physical At. Wt. = 16.0044 = 

Chemical At. Wt. 16.0000 * ’ ; 

and hence isotopic weights obtained by 
means of the mass spectrograph must 
be divided by 1.00027 in order to con¬ 
vert the results to the chemical atomic 
weight scale. Although it is the in-; 
variable practice in nuclear studies to 
employ isotopic weights on the physi¬ 
cal scale, there are occasions wh^n it is 
of interest to compare mass spectro¬ 
graphic results with those obtained by 
chemical methods; in such instances 
the conversion factor is used. 

8.63. In addition to giving the 
atomic weights of the isotopic consti¬ 
tuents of an element, their relative 
amounts can also be obtained, as 
mentioned earlier, by means of the 
mass spectrograph. In fact, one of the 
most important uses of the mass spec¬ 
trograph at present is for the quanti¬ 
tative analysis of both naturally 
occurring and partially separated 
mixtures of isotopic substances-. The 
proportions of the various isotopes 
are referred to as the abundance ratios 
or the relative abundances or, in .brief, 
as the abundances . The values are 
usually expressed as percentages, so 


* While the atomic number of any species represents the number of protons in the nucleus, 
the mass number gives the total number of protons and neutrons i.e., the number of 
nucleons (§ 4.36). 

t Although both mass spectrographs and mass spectrometers are used in this work, the 
rciults, following historical precedent, are generally referred to as mass spectrographic 
Values, 

t The physical atomic weight is sometimes referred to as the “atomic mass,” reserving 
the expression “atomic weight" for the chemical value, However, this distinction between 
Flaws" and “weight" is not in accord with 1 lie usual significance of these terms, 
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that the abundances of the three iso¬ 
topes of oxygen, as recorded above, are 
99.76, 0.04 and 0.20 per cent, respec¬ 
tively. The physical atomic weights 
and the relative abundances of the 
isotopes of some common elements, as 
they occur in nature, are quoted in the 
accompanying table. ^ 

Isotopic Weights and Abundances 

Abun- 



Mass 

Isotopic 

dance 

Element 

Number 

Weight 

Per Cent 

Hydrogen... . 

1 

1.008145 

99.985 


2 

2.014740 

0.015 

Boron... 

10 

10.01612 

18.7 


11 

11.01280 

81.3 

Carbon. 

12 

12.00380 

98.89 


13 

13.00748 

1.11 

Nitrogen. 

14 

14.00752 

99.635 


15 

15.00486 

0.365 

Oxygen. 

16 

16.00000 

99.76 


17 

17.00453 

0.036 


18 

18.00486 

0.204 

Sulfur. 

. 32 

31.9822 

95.018 


33 

32.9819 

0.750 


34 

33.9786 

4.215 


36 

35.9784 

0.017 

Chlorine. 

. 35 

34.97990 

75.53 


37 

36.97754 

24.47 

Copper. 

63 

62.9494 

69.1 


65 

64.9484 

30.9 


8.64. It is of interest to compare the 
atomic weights of elements as deter¬ 
mined by chemical methods with the 
mean values derived from mass spec¬ 
trograph results. For example, boron, 
as it occurs in nature, consists of two 
isotopes of atomic weights 10.0161 and 
11.0128, whose abundances are 18.7 
and 81.3 per cent, respectively. The 
weighted mean of these two physical 
isotopic weights is 10.826, and upon 
dividing by the conversion factor 
1.00027, the atomic weight of ordinary 
boron is found to be 10.823 on the 
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chemical scale; this may be compared 
with the accepted value of 10.82 ob¬ 
tained by chemical methods, as out¬ 
lined in Chapter I. There is little 
doubt that at the present time the 
mass spectrograph provides the most 
reliable general method for the deter¬ 
mination of atomic weights. The val¬ 
ues obtained in this manner are accu¬ 
rate to better than one part in ten 
thousand, a precision which is rarely 
obtainable in chemical analysis. In 
several cases the previously adopted 
atomic weights have been proved to 
be incorrect as a result of studies with 
the mass spectrograph. During the 
1920s, for example, the chemical atomic 
weight of boron was quoted as 10.90, 
but the isotopic analysis indicated an 
appreciably lower value. Subsequent 
redetermination by improved chemical 
methods gave 10.82, in agreement with 
the mass spectrograph value 10.823, 
as stated above. 

8.65. For the majority of elements 
studied the relative abundances of 
their isotopes have been found to be 
independent of the source of the ma¬ 
terial. In some instances, however, 
variations have been detected. Lead, 
associated with radioactive minerals, 
is an outstanding example; as indicated 
in § 8.24, lead from uranium minerals 
contains more of the 206 isotope, 
whereas the thorium minerals have 
more of the 208 isotope. However, 
lead derived from apparently non¬ 
radioactive sources also exhibits slight 
differences in isotopic composition. 
The same is true of hydrogen, carbon, 
oxygen and, possibly, chlorine; the 
significance of some of these variations 
will be considered later. 

Heavy Hydrogen: Deuterium 

8.66. For many reasons, one of the 
most notable of the stable isotopes is 
that of hydrogen; its discovery, in 
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1931, marked an important advance 
in understanding the chemical behav¬ 
ior of isotopes in general. In 1920, both 
W. D. Harkins and E. Rutherford, 
whose speculations concerning the neu¬ 
tron were mentioned in § 2.115, con¬ 
sidered the possibility that there might 
eiist a form of hydrogen with a mass 
approximately twice that of ordinary 
hydrogen. Subsequently, other scien¬ 
tists argued that such an isotope was 
to be expected to fit in with the mass 
regularities exhibited by the known 
isotopes of other elements of low 
atomic weight. However, as early as 
1919, O. Stern and M. Volmer, in 
Germany, had sought, unsuccessfully, 
to detect the presence of a heavier 
isotope in ordinary hydrogen in order 
to determine whether the departure of 
the atomic weight from exactly unity 
might be accounted for in this manner. 
They tried to bring about a partial 
separation of the possible isotopes by 
diffusion, the procedure by which Aston 
had been successful with neon (§ 8.37), 
but they were unable to detect any 
change of density. Although it is now 
known that this failure was due to 
faulty experimental technique, it 
served the purpose of discouraging 
others from seeking for an isotope, the 
existence of which was in doubt. It 
may be mentioned that the earlier 
mass spectrographs were unable to 
shed any light on the problem, because 
with hydrogen in the apparatus there 
was invariably a line of mass approxi¬ 
mately 2, due to molecular hydrogen 
(H 2 ), which could not be distinguished 
from that due to the isotopic atom of 
similar mass. 

8.67. When, in 1927, Aston reported 
on the isotopic composition of hydro¬ 
gen as determined by the mass spectro¬ 
graph, he stated that it consisted of a 
single species of atomic weight 1.00778, 
apparently in excellent agreement with 
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the chemical atomic weight 1.00777 
accepted at that time. The discovery, 
tw.o years later, by F. W. Giauque and 

H. L. Johnston, in the United States, 
that atmospheric oxygen is a mixture 
of three isotopes, showed that (physi¬ 
cal) atomic weights obtained by the 
mass spectrograph could not be iden¬ 
tical with the chemical values, as 
explained above. By making the ap¬ 
propriate conversion of Aston’s mass- 
spectrographic atomic weight to the 
chemical scale, it would then become 

I. 00751, as compared with 1.00777 de^ 
termined by chemical methods. The 
difference between these two values 
was appreciably greater than could be 
accounted for by the possible experi¬ 
mental errors, and in 1931 R. T. Birge 
and D. H. Menzel, in the' United 
States, suggested it might be due; to the 
presence in ordinary hydrogen of about 
one part in 4500 of a heavier isotope, 
concerning the existence of which there 
had been much speculation, as | stated 
above. The lower result obtained by 
the mass spectrograph would then be 
the atomic weight of the lighter iso¬ 
tope, while that derived by chemical 
methods would be the weighted mean 
value for both isotopes normally pres r 
ent in hydrogen. 

8.68. Encouraged by the calcula¬ 
tions based on the difference in atomic 
weights, and also by the fact that a 
hydrogen isotope of mass 2 was re¬ 
quired to complete a regular arrange¬ 
ment of the known isotopes, the 
American scientist H. C. Urey, in 
1931, attacked the subject from a new 
angle. He considered the possibility 
that, in the liquid state, the two 
isotopes of hydrogen might have dif¬ 
ferent vapor pressures, so that a sepa¬ 
ration would be possible. Calculations, 
made in conjunction with G. M. 
Murphy, showed that the lighter 
isotope (of mass number 1) should 
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have the higher vapor pressure; hence, 
upon evaporation of liquid hydrogen, 
the heavier isotope (of mass number 
2), if present, should concentrate in 
the residue. In view of the expected 
small proportion of the heavier isotope 
in ordinary hydrogen, Urey realized 
that it would be difficult to detect un¬ 
less a large volume of liquid hydrogen 
could be used. Consequently, the col¬ 
laboration of F. G. Brickwbclde, at the 
U. S. National Bureau of Standards, 
was obtained in the evaporation of 4 
liters of liquid hydrogen down to 1 cc. 
An examination of the optical spec¬ 
trum* of this residue, by Urey and 
Murphy at Columbia University, ex¬ 
hibited very clearly a line in the 
precise position required for an isotope 
of hydrogen with a mass very close to 
2 on the atomic weight scale.f 

8.69. Subsequently, a careful study 
showed the same line to be present, 
although very much fainter, in the 
spectrum of ordinary hydrogen. Thus, 
definite proof was obtained of the ex¬ 
istence of a heavier isotope of hydro¬ 
gen. The concentration of this isotope 
by the distillation of liquid hydrogen 
was verified by a number of scientists 
in Europe; and further confirmation 
of its presence was obtained shortly 
afterward in the United States, when 
W. Bleakney found that the appropri¬ 
ate line could be detected in the mass 
spectrograph, and K. T. Bainbridge 
determined the isotopic mass. 

8.70. Soon after the discovery of the 
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heavier isotope of hydrogen, Urey, one 
of its discoverers, together with E. W. 
Washburn, of the U. S. National Bu¬ 
reau of Standards, thought that a par¬ 
tial separation of the isotopes might be 
achieved by the electrolysis of water 
that is to say, by decomposing water 
by means of an electric current. While 
the experiments to test this possibility 
were still in progress, a sample of water 
obtained from industrial electrolytic 
cells, which had been used for the 
production of hydrogen and oxygen, 
was examined by E. R. Smith, at 
Washburn’s suggestion, and found to 
have a density appreciably higher than 
that of ordinary water. This difference 
was attributed to the presence in the 
former of an excess, above the normal 
proportion, of water molecules con¬ 
taining the heavier hydrogen isotope. 

8.71. It thus appeared that upon the 
electrolysis of water—actually an 
aqueous solution was used—the lighter 
isotope of hydrogen is evolved more 
readily than the heavier one, so that 
the latter accumulates in the residual 
water. Consequently, by prolonged 
electrolysis, it might be possible to 
concentrate the heavier isotope. This 
was actually achieved in 1933 by G. N. 
Lewis and his collaborators at the Uni¬ 
versity of California; by continued 
electrolysis of a large quantity of 
water from an old commercial elec¬ 
trolytic cell, they obtained ultimately 
a small residue in which almost all of 
the hydrogen was in the form of the 


Sourcebook on Atomic Energy 


* Optical spectra, which are due to changes in energy levels and which are studied by the 
absorption of light (§ 4.42), should, of course, not be confused with mass spectra. The optical 
spectrum of a hydrogen atom of mass 2 is entirely different from that of a hydrogen mole¬ 
cule (H 2 ), although in a mass spectrum the respective lines are very close together. 

t As a historical sidelight, it may be mentioned that, in 1935, Aston reported a revised 
value of 1.0081 for the mass-spectrographic atomic weight of hydrogen, stating that his 
earlier value had been in error due to imperfect resolution of certain lines. If the more 
accurate atomic weight had been available in 1931, the calculations of Birge and Menzel 
would have been invalid. However, as Urey has stated in his Nobel Lecture in 1935, “without 
it, it is probable we would not have made a search . . . and the discovery of deuterium 
might have been delayed for some time.” 

t The suggestion that isotopes might be separable by electrolysis was made in 1023 by 
J. Kendall and E. D. Criltendon in the United States, 
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heavier isotope. Other scientists, in 
the United States and elsewhere, soon 
followed up this work, using larger 
quantities of electrolyte and improved 
procedures, so that appreciable 
amounts of the isotope were isolated. 
Since ordinary hydrogen consists al¬ 
most entirely of the lighter isotopic 
species, it meant that both isotopes 
were now available for experimental 
purposes in an almost pure state, 

8.72. Because the atomic weights of 
the two isotopes of hydrogen are in the 
approximate ratio of 2 to 1, which is 
greatly in excess of that for any other 
element, the otherwise small differ¬ 
ences in physical and chemical proper¬ 
ties of isotopes are so much accentu¬ 
ated that it was considered desirable 
to ascribe different names to these iso¬ 
topes. The name deuterium * was sug¬ 
gested for the heavier isotope by its 
discoverers, and this, together with the 
symbol D, has been widely adopted. 
The nucleus of the deuterium atom is 
called a deuteron , by analogy with the 
term proton for the nucleus of the 
lighter isotope (§ 2.64). The deuteron, 
with a positive charge of one unit and a 
mass of approximately two units on 
the atomic weight scale, is evidently 
made up of a proton and a neutron. 

8.73. The name hydrogen and the 
symbol H are used both for the lighter 
isotope and for the naturally occurring 
mixture which contains 99.985 per cent 
of this form. Where a distinction is 
necessary the expression “light hy¬ 
drogen” is used, as against “heavy 
hydrogen” for deuterium, the heavier 
isotope. Ordinary water has the for¬ 
mula H 2 0, whereas heavy water , as it 
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is familiarly called, in which all the 
hydrogen consists of the heavy form, 
has the scientific name of deuterium 
oxide and is represented by D 2 0. The 
density of heavy water is 1.108 as 
compared with 1.000 gram per cc. for 
ordinary water; it freezes at 3.82°C 
and boils at 101.42°C, the correspond¬ 
ing temperatures for normal water 
being 0°C and 100°C. The differences 
in the physical properties of light and 
heavy water are thus quite appreci¬ 
able. 

8.74. Prior to the discovery and 
isolation of deuterium, it was generally 
believed that the isotopes of a given 
element could not be separated Toy 
chemical methods, since they had iden¬ 
tical chemical properties (§8.7). Al¬ 
though it is true that isotopes do 
undergo the same chemical reactions, 
experiments with deuterium drew at¬ 
tention to the fact that the different 
isotopes react at different rates. The 
difference is negligible for the isotopic 
forms of the heavier elements, but for 
elements of low atomic weight, arid 
particularly for hydrogen, the; effects 
are very significant. 

8.75. The molecules of the lighter 
isotope of hydrogen (H 2 ), in the gase¬ 
ous form, undergo what is known as 
an exchange reaction with liquid 
heavy water (D 2 0), the two isotopic 
forms of hydrogen exchanging^ places 
with one another; thus, from left to 
right, 

H 2 (g) + D 2 0 (l) D 2 (g) + H 2 0 ( l ) 

where the symbols g and l indicate gas 
and liquid, respectively.f The Reverse 
reaction, between deuterium gas (D 2 ) 


* From the Greek, deuteros (second). The analogous term protium (from protos, first) was 
suggested for the lighter isotope, but this has not come into general use. Rutherford (1932) 
proposed the names diplogen and haplogen for the two isotopes, from the Greek combining 
forms diplo (double) and hnplo (single), with the symbols D and H, respectively; the 
names met with limited acceptance and nave now been discarded. 

tThe reaction actually also involve** the intermediate isotopic forms HDG and HD, but 
for the sake of simplicity they will be omitted from consideration hero, 
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and light water (H 2 0) is also possible, 
as is to be expected if isotopes exhibit 
similar chemical behavior; thus, 

H 2 (g) + D 2 0 (l) ^ D 2 (| g) + H 2 0 (I) 

from right to left. The interesting 
point is that, provided the concentra¬ 
tions of the reacting substances are 
the same in both cases, the latter re¬ 
action takes place about three times 
as fast as the former, so that if the 
equilibrium 

H 2 (g) + D 2 0 (l) ^ D 2 (g) + H 2 0 (Z) 

is established between the iso¬ 
topic forms of hydrogen gas and of 
liquid water, the substances on the 
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left-hand side will be favored over 
those on the right-hand side. As a 
result, the ratio of deuterium to hy¬ 
drogen in the liquid is found to be 
approximately three times as great as 
in the gas. If the specific rates* of 
the two isotopic exchange reactions 
had been identical, the relative pro¬ 
portions of the isotopes would have 
been the same in both gaseous and 
liquid phases. The foregoing reac¬ 
tion has been chosen for considera¬ 
tion because it has been utilized, as 
will be seen shortly, for the large- 
scale concentration of deuterium, but 
other chemical processes exhibit simi¬ 
lar behavior (§ 8.112 et seq .). 


THE SEPARATION OF ISOTOPES 


The Separation Factor 

8.76. Materials enriched in partic¬ 
ular isotopic forms of certain elements 
have found numerous applications, as 
will be apparent in later chapters. 
Consequently, considerable interest 
attaches to the subject of the separa¬ 
tion of isotopes. In the twenty or so 
years immediately following the first 
development of the concept of iso¬ 
topes, partial concentrations had been 
achieved of the isotopes of a number 
of nonradioactive elements, such as 
neon, chlorine, mercury, zinc and po¬ 
tassium. The results were, however, 
not spectacular, and their main pur¬ 
pose was to provide confirmatory evi¬ 
dence for the existence of isotopes. 
The notable success achieved in the 
concentration of deuterium, in spite 
of its very small abundance (one part 
in about 6500 of ordinary hydrogen), 
and the useful scientific applications 
which were found for it, resulted in a 


revival of interest in the general prob¬ 
lem of the separation of isotopes. This 
interest was stimulated by the neces¬ 
sity for obtaining uranium enriched in 
the 235 isotope for the wartime 
atomic energy project (Chapter XIV), 
with the result that, in the words of 
H. C. Urey, who has himself con¬ 
tributed largely to the subject, “it is 
[now] possible to separate the iso¬ 
topes of any element, though the ex¬ 
pense involved in certain processes is 
still greater than may be warranted 
by the particular objective sought.” 

8.77. The extent to which separation 
of isotopes is, or can be, achieved in a 
particular process is conveniently rep¬ 
resented by means of the separation 
factor , defined as the ratio of the 
abundance of a given isotope in the 
enriched state to that in the initial 
state. For example, if an isotopic mix¬ 
ture contains a fraction (or percent¬ 
age) / of a given isotope before treat¬ 


* The rate of a chemical reaction depends on the concentrations of the reacting substances. 
The adjective specific implies that the concentrations are the same (unity) in each case, so 
that the results are comparable with one another. 
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ment/ and / / is the fraction (or 
percentage) present in the system 
after treatment, the separation factor 
s for this particular process is given 
by 



e larger the value of s in compari¬ 
son with unity the more efficient is 
the separation. If it is only slightly 
greater than unity, the extent of sepa¬ 
ration is small, and many successive 
stages may be necessary to obtain an 
appreciable concentration of the de¬ 
sired isotope. If the separation factor 
is s in each stage, the over-all separa¬ 
tion factor for n stages is s w , which 
can become quite appreciable, if n is 
sufficiently large, even though s may 
be close to unity (§8.86). 

The Gaseous Diffusion Method 

8.78. Historically, the first success¬ 
ful method for the enrichment of iso¬ 
topes, and one which is still of prime 
importance, made use of the different 
rates of diffusion of gases through a 
porous barrier.*)- Since the early years 
of the nineteenth century, it has been 
known that the rate of diffusion of a 
gas is inversely proportional to the 
square root of its density. The reason 
is that, at the same temperature, the 
molecules of a light gas move, on the 
average, with a higher speed than do 
those of a heavier gas. It was seen in 
§ 1.33 that the gas density is directly 
related to the molecular weight of the 
substance, and so it follows that the 
rate of diffusion is inversely propor¬ 
tional to the square root of the molec¬ 
ular weight. Thus, a gas of lower 
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molecular weight will pass through a 
particular porous barrier faster than 
one of higher molecular weight. Hence, 
in a mixture of two isotopic molecules, 
those containing the lighter isotope 
will diffuse more rapidly than the 
heavier species. This fact was utilized 
in 1913 by F. W. Aston to obtain a 
partial separation of the isotopes of 
neon, as mentioned earlier (§8.37); 
and in 1921 W. D. Harkins, in the 
United States, reported slight enrich¬ 
ment of the isotopes of chlorine by 
diffusion of hydrogen chloride gas 
through pipe clay. 

8.79. If M i is the molecular .weight 
of the form containing the lighter iso¬ 
tope, and M 2 is that of the form with 
the heavier isotope, the ideal sepa¬ 
ration factor for diffusion is, repre¬ 
sented by , 



Actually this is a maximum value 
which can be realized only at the be¬ 
ginning of the process for, as diffu¬ 
sion continues, the gas is being steadily 
impoverished of the lighter, more rap¬ 
idly diffusing, constituent. As a result, 
the diffusatej that is, the gas passing 
through the barrier, contains decreas¬ 
ing proportions of the latter. If diffu¬ 
sion were allowed to proceed long 
enough, the composition of the gas 
would, of course, be the same on both 
sides of the barrier, and there would 
be no separation of the isotopes. In 
practice, therefore, there has to be a 
compromise between the quantity of 
gas permitted to diffuse and the re¬ 
sultant separation factor; this is 
achieved by allowing about half of 



* Strictly, / should refer to 1 lie depjeted portion remaining after removal of the enriched 
material from the system. However, since the separation factor is usually close to unity, the 
depleted part has almost the same composition as the material before treatment. 

t The passage of gas through hue pores, small in comparison with the distance between 
the molecules, ih properly called efimtion, rather than diffusion However, the latter term is 
almost m variably used in the present conned inn. and so it will be employed here. 
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the gas to pass through the barrier. 

8.80. It can be seen from equation 
(8.11) that the larger the ratio of the 
molecular weights of the two isotopic 
species the greater wdll be the separa¬ 
tion factor, and hence the efficiency of 
separation by diffusion. The most fa¬ 
vorable case for naturally occurring 
isotopes is that of hyrogen gas where 
the molecular weights and M 2 are 
approximately 2 and 4, respectively, 
so that the maximum (initial) separa¬ 
tion factor is y/2, i.e., 1.414. For the 
two most abundant isotopes of neon 
(mass numbers 20 and 22) this factor 
is 1.049, and fc>y those of chlorine 


through the barrier. The diffusate, 
which is richer in the lighter isotope, 
then passes into unit A ; here it under¬ 
goes further diffusion, the diffusate 
containing a still higher proportion of 
this isotope. Turning attention once 
again to B , it will be seen that the 
gas which has not diffused, and which 
is consequently somewhat impover¬ 
ished in the lighter species, is recy¬ 
cled; that is to say, it returns to unit 

C, where it joins the diffusate from 

D. The resulting gas then undergoes 
diffusion in C, the diffusate going on 
to B, while the remainder returns to 
D to be recycled. In this way, the gas 
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Fig. 8.6. Diagrammatic representation of cascade principle for sep¬ 
aration of isotopes by diffusion. 


(mass numbers 35 and 37), using hy¬ 
drogen chloride as the diffusing gas, it 
is 1.028. It is apparent, therefore, that 
the extent of isotopic enrichment by 
diffusion decreases rapidly with in¬ 
creasing atomic weight of the element 
whose isotopes are to be separated. 

8.81. In order to increase the over¬ 
all separation by the diffusion process, 
G. Hertz of Germany introduced in 
1932 the “cascade” principle with re¬ 
cycling, which may be illustrated by 
means of the diagram in Fig. 8.6. A 
number of units are shown, each con¬ 
taining a porous diffusion barrier 
represented by a broken line. Consider 
the unit B: the gas enters from the 
right, and the arrangement of pumps 
permits about one half to diffuse 


moving to the left from one unit to 
the next becomes increasingly richer 
in the lighter isotope, while that trav¬ 
eling to the right contains an increas¬ 
ing proportion of the heavier species; 
thus, a kind of fractionation process 
is taking place. 

8.82. In his work, Hertz used a 
closed system, so that the gas contain¬ 
ing more of the lighter isotope col¬ 
lected in a vessel at one end, and that 
enriched in the heavier isotope accu¬ 
mulated at the other end. It is pos¬ 
sible, however, to imagine a somewhat 
similar cascade of diffusion barriers 
in which gas is fed continuously into 
one of the intermediate units, and is 
drawn off steadily at the two ex¬ 
tremes. At one end, the left-hand in 
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Fig. 8.6, the gas has a greater abun¬ 
dance of the lighter isotope, and at 
the other end a larger proportion of 
the heavier isotope, than does the feed 
gas. 

8.83. Utilizing some form of the dif¬ 
fusion method, a number of investi¬ 
gators, both in Europe and America, 
y achieved partial separation of the iso¬ 
topes of hydrogen, carbon (in me¬ 
thane) , nitrogen, oxygen, neon and 
argon. But the most remarkable ap¬ 
plication of the diffusion procedure is 
the concentration on a large scale of 
the 235 isotope of uranium, present 
to the extent of 0.72 per cent in ordi¬ 
nary uranium. The process was devel¬ 
oped in the United States during 
World AVar II, and has been in suc¬ 
cessful operation since the spring of 
1945. In his report on Atomic Energy 
for Military Purposes , written in that 
year, H. D. Smyth refers to this as “a 
notable achievement,” although a full 
realization of the problems solved and 
the difficulties overcome, warrant it 
being described as a stupendous feat.* 

8.84. In considering the possibility 
of separating the isotopes of uranium, 
it should be noted that uranium is a 
solid metal, and so it is first necessary 
to choose a compound of uranium that 
can be readily converted into a gas. A 
fairly obvious choice is uranium hexa¬ 
fluoride UF 6 , for although it is a 
solid at ordinary temperatures, it is 
easily vaporized. An important ad- 
1 vantage of the use of a compound of 
fluorine for this purpose is that this 
element consists of a single nuclide, as j 
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i can be seen from the table in § 8.47. 
Consequently, the course of the diffu¬ 
sion process will be determined only 
by the uranium isotopes, and not by 
1 the fluorine. On the other hand, ura¬ 
nium hexafloride has the great dis¬ 
advantage of being a highly reactive 
and corrosive gas, so that special ma¬ 
terials would have to be used for 
pipes, vessels, pumps and even for 
lubrication purposes. 

8.85. As found in nature, uranium 
contains three isotopic forms with 
mass numbers of 234, 235 and 238;f 
the proportion of the 234 isotope is 
only 0.006 per cent, so that its pres¬ 
ence may be ignored. The uranium 
hexafluoride may thus be regarded as 
essentially a mixture of two, isotopic 
forms, with molecular weights' of 235 
+ 6 X 19 i.e., 349, and 238 +6 X 19, 
i.e,, 352, respectively; hence the maxi¬ 
mum separation factor is given by 
equation (8.11) as 

*" Vi = L0043 - 

Close as this is to unity, the : condi¬ 
tions in the diffusion cascade make it 
even closer. The first experimental 
measurements made by E. T. Booth, 
H. C. Paxton and C. B. Slade at 
Columbia University, indicated a 
value of about 1.0014, which would 
appear to be so near to unity 
as to be of no use for the practi¬ 
cal separation of the uranium iso¬ 
topes. However, the situation was not 
altogether hopeless, as the following 
considerations will show. 


,, 7 POrt on mtc Ener $V !° r M&tary Purposes, subtitled The Official Report on 

^nfnlr p r ienl °J ihe Atomic Bomb under the Auspices of the United States Government 
W40-I945, often referred to m the Smyth Report , gives a full account of die development of 
this and other procedures which were considered for the separation of uranium-235, The dis¬ 
cussion m this book will therefore he restricted to the essential principles required for an 
understanding of the more important methods used. 

t The 238 and 23-1 isotopes are uranium I and II. respectively, of the uranium disintegra¬ 
tion senes, whito the 235 isotope is arimo-umnium, (he parent of the nctmum Ncries (Chap- 
j. 1 , n Ihe (mermenI preparation of uranium hexafluoride, or oilier oompoumk the highly 
radioactive disintegration product* arc largely removed, 
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8.86, Since the proportion of ura¬ 
nium-235 is raised by a factor of only 
1.0014 in each diffusion stage, it is 
clearly necessary to increase the num¬ 
ber of stages in the cascade sufficiently 
to obtain the desired enrichment. If 
there are n successive stages, the over¬ 
all separation factor will then be 
(1.0014) n , and a simple calculation 
shows that a ten-fold enrichment of 
the lighter isotope could be achieved 
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foregoing simple method of calculation 
does not apply to an actual diffusion 
cascade, but it does indicate the orders 
of magnitude involved. 

8.87. The nature of the diffusion 
barrier merits some attention. To ob¬ 
tain true diffusion, or rather effusion, 
which makes isotopic separation pos¬ 
sible, it is necessary that the pores 
should be less than one tenth the mean 
free path of the molecules, that is, less 



Fig. 8.7. Part of the plant for the separation of uranium-235 by gaseous diffusion 

at Oak Ridge, Tenn. 


in about 1800 stages. In order to in¬ 
crease the abundance of uranium-235 
from its normal value of 0.72 per cent 
to 99 per cent, n would have to be 
about 4000. Thus, using ordinary ura¬ 
nium hexafluoride as the process gas, 
a cascade of something like 4000 diffu¬ 
sion stages would be required to yield 
a product in which the uranium was 
almost entirely in the form of the 
lighter isotope. These numbers, al¬ 
though very large, did not appear to 
be beyond the bounds of possibility 
when the project was under considera¬ 
tion. It should be mentioned that the 


than one tenth of the average distance 
a gas molecule travels before it collides 
with another molecule. Calculations 
based on the kinetic theory of gases 
show that at ordinary pressures the 
holes in the barrier would have to be 
about a millionth of a centimeter in 
diameter. One way in which such 
barriers could be made was by etching 
a thin sheet of silver-zinc alloy by 
means of hydrochloric acid. The acid 
would then dissolve out some of the 
zinc atoms, leaving a large number of 
submicroscopic holes in the sheet of 
metal, 
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8.88. “By 1942,” says the Smyth 
Report , “the theory of isotope sepa¬ 
ration by gaseous diffusion had been 
well worked out, and it became clear 
that a very large plant would be re¬ 
quired.” In the summer of 1943 con¬ 
struction of a gaseous diffusion plant 
for the quantity production of en¬ 
riched uranium-235 was started at Oak 
Ridge, Tenn. But it was not until 
nearly two years later, after many 
perplexing problems had been solved, 
that it came into full operation. With 
its thousands of miles of piping and 
hundreds of acres of diffusion barriers, 
the plant is one of enormous size 
(Fig. 8.7). It is indeed a monument, 
in the words of the Smyth Report , to 
the “courage and persistence, as well 
as the scientific and technical ability,” 
of the physicists, chemists and engi¬ 
neers who were responsible for its 
planning, construction and operation.* 

Nozzle Separation Method 

8.89. A new method of separating 
isotopesy^which has some features in 
common with the gaseous diffusion 
procedure, was proposed in 1955 by 
E. W. Becker and his collaborators in 
West Germany. The mixture of iso¬ 
topic molecules in gaseous form is 
passed through an expanding air nozzle 
at pressures below atmospheric. The 
lighter component, having the faster 
moving molecules, then tends to con¬ 
centrate at the outside of the gas 
stream with the heavier component in 
the inside. Opposite the center of the 
nozzle is a “paring tube,” so that the 
gas entering this tube contains a larger 
proportion of the heavier molecules 
than does the remaining gas. Thus, a 


partial separation of lighter from 
heavier isotopes becomes possible. The 
combination of nozzle and paring tube 
is equivalent to a diffusion barrier, 
with a separation factor of about the 
same magnitude. The process, like 
gaseous diffusion, lends itself to the 
application of the cascade principle 
for increasing the over-all separation. 

The Electromagnetic Method 

8.90. The electromagnetic method 
of isotopic separation is of special in¬ 
terest as it was the first to yield appre¬ 
ciable amounts of uranium-235 for the 
wartime atomic energy project, al¬ 
though it is no longer used for that 
purpose. Because of its great con¬ 
venience and adaptability for work oh 
a moderate scale, however, the pro¬ 
cedure is now being extensively em¬ 
ployed for the production of thd sepa¬ 
rated isotopes of over fifty stable ele¬ 
ments for use in various research 
problems (Chapter XVII). 

8.91. The principle of the electro¬ 
magnetic method is essentially that of 
the mass spectrograph, in which each 
isotopic species present in a stream of 
ions is bent through .a different path 
by a suitable arrangement of electric 
and magnetic fields (§8.51). If, in¬ 
stead of the photographic plate or 
other device used for detecting the 
positively charged ions, a number of 
small receivers are placed in the proper 
positions, the separate isotopes can be 
collected.f By using this method, 
which was suggested by F. W. Aston 
in 1919, the English physicists M. L. 
E. Oliphant, E. S. Shire and B. M ; 
Crowther succeeded, in 1934, in ob¬ 
taining very small quantities—less 


* Additional gaseous diffusion plants for the enrichment of uranium-235 are now in 
operation at Paducah. Kentucky and at Portsmouth, Ohio. There are, presumably, similar 
plants in Great Britain and in the U.S.S.R. 

t There is, of course, an actual separation of isotopes in any mass spectrograph, but the 
amounts are extremely small, being sufficient merely to affect a photographic plate or to be 
recorded as an ion current. 




















228 


Sourcebook on Atomic Energy 


than one ten-millionth part of a gram 
—of the separated isotopes of lithium 
in virtually pure form. Almost simul¬ 
taneously, W. R. Smythe and his col¬ 
laborators in the United States de¬ 
scribed an improved form of the ap¬ 
paratus, using the same principle, by 
means of which they were able to 
separate appreciable amounts of the 
isotopes of several elements. 

8.92. Because the mass-spectro¬ 
scopic (or electromagnetic) method 
offered the advantage of efficient sepa¬ 
ration, even for isotopes of high atomic 
weight, it found application in certain 
instances where only minute amounts 
of the separated isotopes, provided 
they were in a fairly pure state, were 
adequate. A case of particular interest 
was that in which it was required to 
study the interaction of the isotopes of 
uranium with neutrons. By using the 
electromagnetic technique, A. 0. Nier 
at the University of Minnesota, and 
K. H. Kingdon and H. C. Pollock, at 
the General Electric Laboratories, 
Schenectady, New York, were able in 
1940 to obtain sufficient uranium-235 
to provide the answer to a vital prob¬ 
lem in connection with the utilization 
of nuclear energy (§ 13.68). 

8.93. The advantage of the electro¬ 
magnetic method is that it is capable 
of giving large separation factors, but 
the quantities of separated isotopes 
collected are extremely small. Strong 
beams of positive ions which are to be 
deviated in the magnetic field are diffi¬ 
cult to produce and to manipulate, and 
the separation efficiency tends to di¬ 
minish as the strength of the ion beam 
increases. Thus, an improvement in 
the amount of material handled by the 
apparatus could be achieved only at 
the expense of its efficiency, so that 
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there seemed little to be gained in this 
way. Consequently, when in 1940 the 
U. S. National Defense Research 
Council decided to investigate the 
feasibility of separating the isotopes 
of uranium, the electromagnetic 
method was rejected as impractical. In 
this connection, the Smyth Report 
states: “[H. D.] Smyth of Princeton 
had raised the question of possible 
large-scale separation of isotopes by 
electromagnetic means but had been 
told that it had been investigated and 
was considered impossible. Neverthe¬ 
less, Smyth and [E. 0.] Lawrence at 
a chance meeting in October 1941 dis¬ 
cussed the problem and agreed that it 
might yet be possible.’ 7 

8.94. At the time there was a great 
need for samples of relatively pure 
uranium-235 for experimental pur¬ 
poses, and E. 0. Lawrence, of the 
University of California, thought that 
this could be most readily obtained by 
the use of the electromagnetic sepa¬ 
ration procedure. Therefore, toward 
the end of 1941, he and his associates 
set out to improve the design of the 
apparatus, devoting particular atten¬ 
tion to methods for increasing the 
strength of the ion beam without im¬ 
pairing too seriously the efficiency of 
isotopic separation.* 

8.95. The work proved so successful 
that, in spite of its apparent initial 
lack of promise, it was decided in 
September 1942 to build a large plant 
at Oak Ridge, Tennessee, consisting of 
a number of entirely independent units, 
for the electromagnetic separation of 
the isotopes of uranium. Subsequently, 
the yield of uranium-235 was con¬ 
siderably improved by using as feed 
material a compound of uranium which 
had been partly enriched in the 235 


* The apparatus was called a calutron, a contraction of “California University cyclotron, 
because it made use of the magnet from one of the University of California cyclotrons 
(§9.67). 
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isotope by the thermal diffusion method 
to be described below (§ 8.102). Since 
the positive-ion beam consists of the 
unwanted uramum-238, as well as the 
wanted uranitim-235, it is evident that 
for a given strength of the total ion 
current, the number of uranium-235 
ions, and hence the quantity of this 
isotope collected, will increase as its 
abundance in the system is increased. 

8.96. The type of electromagnetic 
unit at present in use at Oak Ridge, for 
the separation of the isotopes of ele¬ 
ments other than uranium, is essen¬ 
tially equivalent to the Dempster mass 
spectrograph described in (§8.51). A 
stream of electrons, emitted from an 
electrically heated wire, passes through 
the vapor of a suitable volatile com¬ 
pound of the element whose isotopes 
are to be separated. A beam of posi¬ 
tively charged ions thus produced at 
the ion source A (Fig. 8.8) passes 
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Fig. 8.8. Separation of isotopes by the 
electromagnetic method. 


through slits in the plates PP; here 
they are accelerated by an electric 
potential V applied between these 
plates. The ion beam then enters a 
magnetio field of strength H , acting in 


a direction perpendicular to the plane 
of the diagram, so that the beam is 
bent through a semicircle. The actual 
path of the positively charged parti¬ 
cles depends on their masses, in ac¬ 
cordance with equation (8.9), i.e., 

m __ gy 

e 2V’ 

so that, for a given electric and mag¬ 
netic field, the square of the radius of 
the path is proportional to the mass of 
the particle. By placing collecting 
pockets in the proper positions, as 
calculated from this equation, the dif¬ 
ferent isotopes of a given element can 
be separated. Although two such .pock¬ 
ets are shown in the figure, three, four 
or more can be used when necessary, 
so that several isotopes of the elements 
can be collected simultaneously^ 

8.97. In order that the same appa¬ 
ratus may be easily adaptable to the 
separation of light isotopes, siich as 
those of lithium, mass numbers 6 and 
7, as well as of heavy isotopes, like 
those of lead, mass numbers 204, 206, 
207 and 208, the positions of the 
ion source and the receivers are not 
changed, that is to say, the radii of the 
paths are kept approximately con¬ 
stant, but the magnetic field is altered 
as required. Since, by the equation 
given above, the mass m of the positive 
particles is proportional to H?, i.e., 
to the square of the magnetic field 
strength, for a given path radius, it 
follows that a six-fold increase,in the 
field strength will permit a thirty-six¬ 
fold increase in the mass of the iso^* 
topes that can be accommodated. The 
fine adjustment that may be necessary 
to bring the ion beams exactly on to 
the receiver, with its properly spaced 
pockets, is made by changing the ac¬ 
celerating voltage V. In this manner, 
elements covering a large range of 
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masses can be readily handled in any 
one electromagnetic unit. 

The Centrifugal Method 

8.98. The gravitational force acting 
on a particle is proportional to its 
mass; consequently, under the influ¬ 
ence of gravity there is a partial sepa¬ 
ration of the gases of the atmosphere, 
the lighter molecules tending to stay 
in the upper levels while the heavier 
ones concentrate in the lower levels. 
This accounts for the fact that at great 
heights there is more hydrogen and 
helium, which are the lightest con¬ 
stituents of the atmosphere, than at 
the surface of the earth. The sug¬ 
gestion that this principle might be 
applied to the separation of isotopic 
molecules, with different masses, was 
made by F. A. Lindemann and F. W. 
Aston in Engl and in 1919. They 
showed that appreciable separation 
could be achieved by the use of a 
centrifuge, for this would provide a 
force analogous to gravity, but much 
more powerful. The theory of the sub¬ 
ject was further examined in 1922 by 
R. S. Mulliken, in the United States, 
who proposed an improved procedure 
which, making use of combined centrif¬ 
ugal force and evaporation, would give 
better results than the former alone. 

8.99. The basis of the centrifugal 
method of separating isotopes is that 
if a gas or vapor flows into a rapidly 
rotating cylinder the force acting on 
the molecules will result in an in¬ 
creased concentration of the heavier 
isotope at the walls, while the lighter 
isotope tends to collect nearer the axis 
of rotation. If the centrifuge is verti¬ 
cal, a current of vapor can be made to 
flow down near the walls and up 
around the central axis. It should then 
be possible to draw off a product richer 
in the lighter isotopic species at the 
top of the apparatus, near the center, 
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whereas the heavier species would be 
removed at the bottom near the pe¬ 
riphery. 

8.100. A particularly interesting fea¬ 
ture of the centrifugal method is that 
the separation factor depends on the 
difference between the masses of the 
two isotopic elements, and not on their 
ratio. Thus, better separation should 
be obtainable, in principle, of the 235 
and 238 isotopes of uranium than of 
the isotopes of hydrogen, with masses 
of 1 and 2, respectively. Further, since 
the difference in the isotopic weights is 
always the same for a given element, 
the efficiency is independent of the 
molecular weight of the compound 
whose vapor is being centrifuged. 

8.101. The earliest attempts to make 
use of this principle for the separation 
of isotopes failed, probably because 
the speeds of rotation of the centri¬ 
fuges were not high enough. But in 
1939, J. W. Beams, and others, in the 
United States, using the high-speed 
centrifuge, which he had developed, 
and which produced a force of several 
hundred thousand times that of grav¬ 
ity, obtained appreciable separation 
of the isotopes of chlorine, in carbon 
tetrachloride, and of bromine, in ethyl 
bromide. Since the atomic weights of 
the two isotopes of uranium differ by 
three units, the centrifugal method 
seemed to offer an especially attractive 
possibility for the separation of ura¬ 
nium-235. A pilot plant for this pur¬ 
pose was constructed during the war, 
and although it operated successfully, 
large-scale production by the centrif¬ 
ugal method was not attempted be¬ 
cause, as the Smyth Report says, “of 
the magnitude of the engineering prob¬ 
lems involved. ” 

The Thermal-Diffusion Method 

8.102. Another plant for the sepa¬ 
ration of isotopes of uranium, which 


Isotopes 


functioned for some time as a source of 
feed material for the electromagnetic 
plant, described in § 8.95, made use of 
the thermal-diffusion principle. The 
mathematical theory, vftdch is appli¬ 
cable to any mixture of gases of differ¬ 
ent molecular weights, was worked out 
between the years 1911 and 1919 by 
D. Enskog in Sweden and by S. Chap¬ 
man in England; later, in 1922, the 
possible application to the separation 
of isotopes was examined by R. S. 
Mulliken in the United States. 

8.103. The general idea is that if a 
gaseous mixture of isotopes is placed 
in a vessel, part of which is hotter than 
the remainder, the lighter molecules 
should tend to concentrate in the 
regions of higher temperature. The 
experimental results were, at first, not 
very promising, but in 1938 the Ger¬ 
man scientists K. Clusius and G. 
Dickel introduced a simple modifica¬ 
tion giving a very decided increase in 
efficiency of the thermal-diffusion pro¬ 
cedure. Their apparatus consisted of 
a long, vertical tube with a central 
wire which could be heated electrically 
to about 500°C or more, thus produc¬ 
ing a temperature gradient between 
the hot wire and the colder wall of the 
tube. The gas containing the isotopes 
,to be separated is placed in the tube 
and, as a result of thermal diffusion, 
the lighter molecules collect near the 
hot wire, whereas the heavier ones pre¬ 
fer to stay nearer the cold wall. At the 
same time, however, thermal convec¬ 
tion causes the hotter gas in the center 
to rise and the colder gas at the wall to 
sink, so that there is a steady flow of 
gas, up at the center and down at the 
sides of the tube. This continuous 
streaming of the gas, together with the 
influence of thermal diffusion, results 
in a concentration of the heavier iso¬ 
topic species at the bottom of the tube, 
while the lighter constituent tends to 
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collect at the top. In this manner, 
Clusius and Dickel were able to make 
rapid and effective separations of the 
isotopes of chlorine and neon. Other 
workers, both in the United States and 
in Europe, applied the method to the 
elements carbon (in methane), nitro¬ 
gen, oxygen, krypton and xenon. 

8.104. Soon after the discovery of 
the combined thermal-diffusion and 
convection principles for separating 
gaseous isotopes, it was found that th.e 
method could be used for substances 
in solution and also for pure liquids. 
In 1940, P. H. Abelson, in the United 
States, suggested applying the pro¬ 
cedure to liquid uranium hexafluoride 
for the purpose of separating the iso¬ 
topes of uranium. After considerable 
experimental work had proved the 
feasibility of the method, a large-scale 
thermal-diffusion plant was built at 
Oak Ridge in the summer of 1944, its 
output, partially enriched in uranium- 
235, being used as feed material in 
the electromagnetic separation process. 
“In spite of some disappointments,” 
wrote H. D. Smyth, “operation :of this 
plant . . . succeeded in its purpose of 
considerably increasing the production 
rate of the electromagnetic plant.” 
One of the principal drawbacks was 
its great power consumption, and so, 
when the gaseous diffusion procedure 
(§8.83) proved so efficient, and the 
electromagnetic separation became less 
important, the thermal-diffusion plant 
was closed down. Nevertheless, for 
isotope enrichment on the laboratory 
scale, it appears that the thermal- 
diffusion method has advantages ovqr 
others, because of its simplicity, effi¬ 
ciency and wide applicability. 

Distillation Methods 

8.105. As a general rule, isotopic 
species have different vapor pressures 
(and boiling points), so that partial 
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separation by fractional distillation 
should be a theoretical possibility. 
Aston’s first attempt to separate the 
isotopes of neon was made by frac¬ 
tional distillation, but, as stated in 
§ 8.36, his efforts met with failure. 
Subsequently, in 1919, F. A. Linde- 
mann, in England, showed theoreti¬ 
cally that separation of isotopes by 
distillation should be possible in cer¬ 
tain circumstances, and in 1931, W. H. 
Keesom and H. van Dijk, of Holland, 
reported the successful enrichment of 
the isotopes of neon in this manner. 
In the same year, H. C. Urey and his 
collaborators used a form of distilla¬ 
tion to concentrate the heavier isotope 
of hydrogen, as recorded in § 8.68. 
It has been claimed that, if the diffi¬ 
culty of operating at very low tem¬ 
peratures (about —250°C or — 420°F) 
can be overcome, fractional distillation 
of liquid hydrogen should be capable 
of separating the deuterium at a lower 
cost than by any other method. Slight 
enrichment of oxygen-18 and nitrogen- 
15 has been achieved by distillation 
of liquid oxygen and of liquid am¬ 
monia, respectively. 

8.106. It was seen in § 8.73 that the 
boiling point of heavy water (D 2 0) is 
about 1.4°C higher than that of ordi¬ 
nary water (H 2 0). This difference, al¬ 
though small, should make separation 
by distillation practical, provided an 
efficient fractionation column were 
used. Some success was reported in the 
United States by G. N. Lewis and R. 
E. Cornish in 1933, but the distillation 
method of separating the isotopes of 
hydrogen did not attract any great in¬ 
terest, because the relatively small 
amounts of heavy water or heavy hy¬ 
drogen (deuterium) gas required for 
experimental purposes could be ob¬ 
tained much more readily by the elec¬ 
trolytic (§8.71) or by the gaseous 
diffusion (§8.78) processes. However, 
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in 1943, when it appeared that large 
quantities of heavy water might be 
needed in connection with the utiliza¬ 
tion of atomic energy for military pur¬ 
poses (§ 14.28), a plant for its produc¬ 
tion by fractional distillation of ordi¬ 
nary water was built and operated in 
the following year. But it was later 
superseded by more economical proc¬ 
esses. 

8.107. In addition to the isotopic 
forms of hydrogen, there are present in 
water, molecules which differ in the 
oxygen isotopes; thus, about 0.2 per 
cent of ordinary water consists of H 2 0 
molecules containing oxygen-18. The 
boiling point of this isotopic species is 
slightly higher than that of the pre¬ 
dominant form, with oxygen-16, and 
hence partial enrichment of the heavier 
isotopic form should be possible by 
fractional distillation. This expecta¬ 
tion was verified, in the years from 
1935 to 1937, by workers in Canada, 
the United States and England; water 
containing up to five times the amount 
of oxygen-18 normally present, for ex¬ 
ample, was obtained by Urey and his 
coworkers. The product was some¬ 
what enriched in heavy hydrogen, but 
the actual percentage was quite small, 
probably of the order of 0.1 per cent. 

8.108. It is of interest to mention, 
in passing, that a form of distillation 
was used in 1920 by J. N. Brpnsted 
and G. Hevesy, in Denmark, to achieve 
a slight enrichment of the isotopes of 
mercury. The liquid element, kept at 
about 50°C, was allowed to evaporate 
into an evacuated space, and the vapor 
condensed on a surface cooled in liquid 
air placed from 1 to 2 cm. above the 
mercury. The condensate was then 
allowed to melt, partially evaporated 
again, and condensed once more. After 
several fractionations of this kind, the 
lighter isotopes of mercury were found 
to be present in small excess in the 
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condensate, while the heavier isotopes 
collected in the residue. In subsequent 
years a similar evaporation technique 
gave detectable separation of the iso¬ 
topes of the elements chlorine, zinc and 
potassium. 

The Electrolytic Method 

8.109. It was recorded in § 8.71 that 
electrolysis of aqueous solutions re¬ 
sults in preferential evolution of the 
lighter isotope of hydrogen, so that the 
deuterium concentrates in the residual 
water. The electrolyte generally em¬ 
ployed is potassium hydroxide, and al¬ 
most any electrodes, provided they do 
not dissolve, can be used. Nickel is a 
convenient material for this purpose. 
Separation factors of 6 or higher are 
readily obtainable, so that concentra¬ 
tion of the deuterium from its initial 
value of 0.015 per cent, in ordinary 
water, up to 99.9 per cent in the prod¬ 
uct, is within the realm of possibility. 
The current consumption is, howevet, 
very large, thirty or forty thousand 
ampere-hours being required to yield 
one gram of heavy water. It is for this 
reason that large-scale plants for the 
production of heavy water by the elec¬ 
trolytic method were erected in Nor¬ 
way, where electric power is relatively 
cheap. During the war these plants 
fell into enemy hands, and so became 
the object of several attacks from the 
air. The purpose of these attacks was 
to interfere with experimental work 
by German scientists on the develop¬ 
ment of atomic energy, in which heavy 
water could be used (§ 14.28). 

8.110. Although, in principle, the 
electrolytic method involves continued 
decomposition of the water by the 
electric current until only a very small 
fraction of the original amount re¬ 
mains, this simple procedure would be 
very impractical. For one thing, the 
dissolved electrolyte, potassium hy- 
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droxide, for example, would become 
more and more concentrated as the 
electrolysis proceeded, and for another, 
the hydrogen gas liberated toward the 
end would contain so much deuterium 
that it could not be wasted. It is the 
practice, therefore, to carry out the 
electrolysis in stages. When the volume 
of water has been reduced to about 
one tenth, the residue is treated with 
carbon dioxide to neutralize the potas¬ 
sium hydroxide and then the enriched 
water is distilled off. The distillate 
goes on to the next stage of electrolysis 
where the same procedure is repeated. 
About five to seven stages are required 
to yield relatively pure heavy water. 
The hydrogen gas evolved in the later 
stages, and which contains a high pro¬ 
portion of deuterium, is burnt in oxy¬ 
gen to form water; this is condensed 
and returned to the electrolytic cells. 

8.111. During electrolysis hydrogen 
gas is given off at the negative elec¬ 
trode (cathode), and oxygen gas at 
the positive electrode (anode). Just as 
there is a preferential evolution of the 
lighter isotope at the cathodej there 
should be a somewhat similar behavior 
at the anode leading to an enrichment 
of oxygen-18 in the residue. The sepa¬ 
ration factor is, however, little differ¬ 
ent from unity, and although the en¬ 
richment effect has been confirmed 
experimentally, it is very small. Elec¬ 
trolysis of lithium salts, using a mer¬ 
cury cathode to collect the lithium 
metal, has also led to a partial sepa¬ 
ration of the isotopes of this element. 

Chemical Exchange Methods ,* 

8.112. All the methods described 
above for the separation of isotopes, 
with the possible exception of the elec¬ 
trolytic procedure, depend on differ¬ 
ences in physical properties deter¬ 
mined by the masses of the isotopic 
species* The discovery of the different 
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reactivities of the isotopes of hydro¬ 
gen, as described in § 8.75, encouraged 
Urey and his students, between 1935 
and 1940, to investigate, both theoret¬ 
ically and experimentally, the isotopic 
exchange reactions of other elements 
with a view to their use in the separa¬ 
tion of isotopes. These efforts met with 
remarkable success, and appreciable 
quantities of compounds enriched in 
carbon-13 and nitrogen-15, respec¬ 
tively, were made in the laboratories 
of Columbia University before the 
work was taken over by commercial 
organizations.* 

8.113. The method used with nitro¬ 
gen, for example, was to allow equi¬ 
librium to be established between the 
14 and 15 isotopes of nitrogen in a 
system consisting of ammonia (NH 3 ) 
gas and ammonium (NH 4 + ) ions. This 
was achieved by passing the gas up a 
column down which flowed a concen¬ 
trated solution of ammonium nitrate. 
As a result of the isotopic exchange 
reaction, the heavy isotope (nitrogen- 
15) tends to concentrate in the ammo¬ 
nium ion in solution, while the am¬ 
monia gas contains relatively more of 
the unwanted lighter isotope. Part of 
the ammonium nitrate solution with¬ 
drawn at the bottom of the column is 
heated with sodium hydroxide, and 
this converts the ammonium ion into 
ammonia gas enriched in nitrogen-15. 
The resulting gas is then reprocessed 
with the remaining portion of the am¬ 
monium nitrate solution, thus obtain¬ 
ing further enrichment. Urey and his 
coworkers used a cascade system of 
three columns, operating on the coun¬ 
tercurrent principle, the ammonium 
nitrate solution flowing downward and 
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the ammonia gas upward. In this man¬ 
ner, they succeeded in increasing the 
abundance of the nitrogen-15 isotope 
to more than 70 per cent, as compared 
with the normal 0.38 per cent, in spite 
of the relatively low separation factor 
of 1.023. 

8.114. Apart from its use as an iso¬ 
topic tracer (Chapter XVII), interest 
has developed in nitrogen-15 because 
it captures neutrons to a negligible 
extent, whereas the probability of cap¬ 
ture by the more abundant nitrogen- 
14 is considerable. In certain nuclear 
reactor applications (Chapter XV), it 
might be desirable to employ solutions 
of nitrates, e.g., of thorium, but this 
is not practical if the salt contains 
ordinary nitrogen. However, if this 
element were largely present as nitro¬ 
gen-15, the situation would be very 
different. A chemical exchange method 
with certain operational advantages, 
based on ammonia gas and a solution of 
ammonium carbonate, appears to show 
much promise for the large-scale en¬ 
richment of nitrogen-15. 

8.115. The chemical isotopic ex¬ 
change procedure has also been used 
to concentrate carbon-13 from its nor¬ 
mal proportion of 1.1 per cent to 22 
per cent, by means of an isotopic ex¬ 
change reaction between gaseous hy¬ 
drogen cyanide (HCN) and the cy¬ 
anide (CN~) ion in sodium cyanide 
solution. In this case, however, the 
heavier carbon isotope concentrates in 
the gas phase, so that the desired prod¬ 
uct is withdrawn at the top of the col- 
umn.f Some changes in the design of 
the apparatus are necessary but the 
principle is essentially the same as de¬ 
scribed for nitrogen. 
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* Isotopic exchange reactions probably account for the small variations _ in the isotopic 
compositions of some of the lighter elements, such as carbon and oxygen, in nature; thus, 
atmospheric oxygen contains 3 per cent more of the 18 isolope than does osygen from Lake 
Michigan water, and 2.5 per cent more than that from ocean water. 

t There is a simultaneous alteration in the proportion of the nitrogen wotoprn, but this 
has been found to be very small. 
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8.116. As cyanides are poisonous, towers in cascade, in a manner simi- 
and consequently not too satisfactory lar to that already outlined above, a 


for large-scale operation, an alterna¬ 
tive process has been devised involv¬ 
ing exchange of the carbon isotopes 
between carbon dioxide (CO 2 ) gas and 
the bicarbonate (HC0 3 - ) ion, in am¬ 
monium bicarbonate solution. The at¬ 
tainment of equilibrium is accelerated 
by means of a catalyst, and excess of 
the carbon-13 isotope is then found to 
be present in the bicarbonate solution. 

8.117. It was recorded in § 8.75 that 
in the isotopic exchange reaction be¬ 
tween hydrogen gas and liquid water, 
the proportion of deuterium in the 
water is about three times as great as 
it is in the gas phase, when equilibrium 
is attained. In other words, the hy¬ 
drogen-deuterium separation factor 
has the relatively high value of 3; con¬ 
sequently, appreciable enrichment of 
the heavy isotope should be possible 
by utilizing this reaction. One of the 
difficulties, however, is that the equi¬ 
librium is established slowly, and hence 
a catalyst is necessary in order to ex¬ 
pedite the process. 

8.118. The hydrogen-water exchange 
reaction has been employed for the 
production of heavy water on a large 
scale. The method used is to pass a 
mixture of hydrogen gas and steam 
upward through a tower containing 
the catalyst, while liquid water flows 
downward. In the presence of the 
catalyst, a rapid isotopic exchange re¬ 
action takes place between the hydro¬ 
gen and the water molecules in the 
steam, with the result that the deute¬ 
rium concentrates in the latter as 
deuterium oxide, that is, heavy water, 
molecules. The steam is condensed, 
and hence carried downward, by the 
flow of liquid water; the water emerg¬ 
ing at the bottom of the tower is thus 
considerably enriched in the heavier 
isotopic form. Using a number of 


product containing a large proportion 
of heavy water can be obtained. 

8.119. With the development of nu¬ 
clear reactors in which heavy water is 
an important component (Chapter 
XV), considerable effort has been de¬ 
voted to the production of this mate¬ 
rial at a reasonable cost. One of the 
most successful methods utilizes the 
isotopic exchange reaction between 
liquid water and hydrogen sulfide gas. 
The equilibrium, which is established 
rapidly without the use of a catalyst, 
may be represented by 

H 2 0(Z) + D 2 S (g) — D 2 0 (l) + H 2 S (g), , 

with the deuterium tending to concen¬ 
trate in the liquid (water) phase. The 
dual-temperature process is based on 
the fact that at lower temperatures 
(about 25°C) the liquid contains rela¬ 
tively more deuterium than at higher 
temperatures (100°C). 

8.120. In principle, water is first 
enriched in deuterium by interaction 
in a tower at the lower temperature 
with hydrogen sulfide with its normal 
content of deuterium. Part of thp 
enriched water is removed as the prod¬ 
uct, and the remainder is sent to a hot 
tower where much of its deuterium is 
transferred back to the depleted hy¬ 
drogen sulfide from the first tower. The 
hydrogen sulfide thus acts as a sort of 
carrier for deuterium, giving it up to 
the water at the lower temperature 
and regaining it at the higher tem¬ 
perature. The over-all result is that 
the water has been divided into two 
parts: one enriched in deuterium 
(heavy water) and the other impover¬ 
ished in this isotope, whereas the hy¬ 
drogen sulfide gas is restored (approxi¬ 
mately) to its original composition. 
The depleted (or stripped) water may 
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be discarded and the enriched water 
put through the process again, in a cas¬ 
cade system, to enrich it still further 
in deuterium. 

8.121. Other instances of isotopic 
enrichment by methods which utilize 
differences of reaction rates have been 
reported. But, it may be noted, that it 
is only for the lighter elements that 
the procedure holds any promise at the 
present time. As the atomic weight 
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increases, the difference in the rates 
at which the isotopic species undergo 
exchange reactions becomes very 
small, and the separation factor is then 
very close to unity. So far, sulfur-34 
is the heaviest nuclide which has been 
concentrated by the isotopic exchange 
method, although there is little doubt 
that if it became necessary enrichment 
of even heavier isotopes could be 
achieved. 


The Acceleration of Charged Particles 

Chapter IX 

NUCLEAR TRANSFORMATIONS 


The Transmutation of Elements 

9.1. It was mentioned in Chapter I 
that the Aristotelian theory, which re¬ 
garded all matter as consisting of the 
same primordial substance associated 
with varying amounts of four qualities 
or principles, was probably responsible 
for the prolonged, but vain, efforts of 
the ancient alchemists to change base 
metals into gold. With the growth of 
the concepts of the individuality of the 
elements and of the indestructibility 
of the atom, particularly during the 
nineteenth century, it was natural that 
attempts to bring about the transmu¬ 
tation of metals should fall into dis¬ 
repute. Only those completely igno¬ 
rant of science, and sufficiently gullible 
to be attracted by the possibility of 
the easy acquisition of riches, fell vic¬ 
tim to the wiles of charlatans claiming 
the ability to convert base metals into 
gold. 

9.2. With the development of mod¬ 
em ideas concerning the structure of 
the atom, and the realization that all 
matter was made up of the same fun¬ 
damental units, the possibility of 
transmutation, previously regarded as 
fantastic, was given serious considera¬ 
tion. In fact several reports — some of 
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them from scientists of considerable 
repute—of success in changing or dis¬ 
integrating various elements were pub¬ 
lished in the scientific journals, both in 
Europe and in America. With the ex¬ 
ception of the results to be described 
shortly, all were subsequently proved 
to be unfounded, but one is worthy of 
special mention because of its appar¬ 
ently convincing nature. It was claimed 
that the passage of a high-tension elec¬ 
trical discharge through mercury va¬ 
por, atomic number 80, produced small 
amounts of gold, atomic number 79. 
The original mercury was apparently 
completely free of gold, yet the use of 
an extremely sensitive microscopic test 
showed the presence of traces of the 
precious metal, following the electrical 
treatment. After considerable contro¬ 
versy among the proponents and op¬ 
ponents of this plausible claim, it was 
ultimately proved that the gold was 
not being created but merely concent 
trated from the various materials used. 
Much of it, in fact, came from the gold¬ 
framed eyeglasses of one of the ob¬ 
servers! 

9.3, It was Rutherford, whose name 
has been frequently mentioned in these 
pugos, who achieved the first doliber- 
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ate, artificial transmutation of one 
atom into another. Although he did not 
convert a base metal into gold, his 
discovery was just as important to 
nuclear science. 

Transmutation of Nitrogen 
by Alpha Particles 

9.4. While working in Rutherford’s 
laboratory, in Manchester, England, 
on the scattering of alpha particles, as 
described in § 4.7 et seq. } E. Marsden 
noted, in 1914, that when the radia¬ 
tions from radium C' passed through 
hydrogen gas, they produced a number 
of high-speed, long-range particles, ap¬ 
parently protons. Some three years 
later Rutherford began a reinvestiga¬ 
tion of Marsden’s work, in the course 
of which he studied the effect of alpha 
particles on several gases, in addition 
to hydrogen. The apparatus used was 
very simple (Fig. 9.1); it consisted of a 
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Fig. 9.1. Diagram of apparatus used by 
Rutherford to detect transmutation of 
nitrogen nuclei by alpha particles. 

metal cylinder in which was supported 
the radioactive source A of alpha parti¬ 
cles. A small hole at one end was 
closed with a thin metal disk B capable 
of stopping most of these particles, 
and one or two millimeters away was 
a zinc sulfide screen C. Any long-range 
particles formed by the action of the 
alpha particles on the gas in the cylin¬ 
der were able to pass through the disk 
B and produce scintillations on the 
zinc sulfide (§6.43). Different gases 
could be admitted to the cylinder, and 
the effect of the alpha particles ob¬ 
served. 
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9.5. Reporting in 1919 on the re¬ 
sults of his experiments, Rutherford 
wrote: “On introducing oxygen or car¬ 
bon dioxide into the vessel, the number 
of scintillations fell off in amount cor¬ 
responding with the stopping power of 
the column of gas. An unexpected 
effect was, however, noticed on intro¬ 
ducing dried air. . . . Instead of di¬ 
minishing, the number of [long-range] 
scintillations increased. ... It was 
clear from these results that the alpha 
particles in their passage through air 
gave rise to long-range scintillations 
which appeared of about the same 
brightness as H-scintillations [i.e., the 
long-range scintillations produced by 
alpha particles in hydrogen].’ 7 

9.6. Careful investigation showed 
that neither oxygen, carbon dioxide 
nor moisture was responsible for the 
behavior observed with air, but the 
effects could be closely duplicated with 
nitrogen gas in the cylinder. Conse¬ 
quently, the interaction of alpha parti¬ 
cles with nitrogen atoms or molecules 
results in the ejection of long-range, 
that is, highly energetic, particles sim¬ 
ilar to those obtained with hydrogen. 
“It is difficult to avoid the conclusion,’ 7 
said Rutherford, “that these long-range 
atoms arising from the collision of al¬ 
pha particles with nitrogen are not 
nitrogen atoms but probably charged 
atoms of hydrogen. ... If this be 
the case, we must conclude that the 
nitrogen atom is disintegrated under 
the intense forces developed in a close 
collision with a swift alpha particle.” 

9.7. Further work proved Ruther¬ 
ford’s conclusions to be correct, and 
thus he achieved the first controlled 
artificial disintegration of an atomic 
nucleus. The extent of the disintegra¬ 
tion was, however, extremely small, 
for it was estimated that only one 
alpha particle in about 300,000 ex¬ 
pelled a long-range particle from a 
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nitrogen atom. It is of interest to 
record that, in his successful realiza¬ 
tion of nuclear transmutation, Ruther¬ 
ford was able to confirm a possibility 
which he had considered in his William 
Ellery Hale lectures, delivered in 
Washington, D. C., in April 1914. “It 
is possible,” he said, “that the nucleus 
of an atom may be altered by direct 
collision of the nucleus with very swift 
electrons or atoms of helium [i.e., al¬ 
pha particles] such as are ejected from 
radioactive matter. . . . Under favor¬ 


able conditions, these particles must 
pass very close to the nucleus and may 
either lead to a disruption of the nu¬ 
cleus or to a combination with it.” 

Mechanism of the Nuclear 
Process 

9.8. Following upon Rutherford’s pi¬ 
oneer experiments, he and Chadwick, 
using an improved form of apparatus, 
made a more detailed study of the 
action of alpha particles on various 
elements. By observing the deflection 
of the resulting long-range particles 


in a magnetic field, Rutherford and 
Chadwick proved that they were in¬ 
deed positively charged hydrogen 
atoms, or protons, of high energy. All 
the elements from boron to potassium, 
with the exception of carbon, oxygen 
and, possibly, beryllium, were found 
to emit protons when subjected to the 
action of alpha particles. The energy 
of the protons, as determined from 
their range, was shown to be higher 
in some cases than that of the imping¬ 
ing alpha particle, thus indicating that 


they resulted from a disintegration 
process, the additional energy being 
acquired in the accompanying nuclear 
rearrangement. 

9.9. At the time this work was being 
done, between the years 1920 and 1924, 
the nature of the nuclear process which 
led to the emission of protons was un¬ 
certain. Two possibilities were con¬ 
sidered: first, that the nucleus of the 
disintegrated atom merely loses a pro¬ 
ton as a result of the severe impact 
accompanying collision with a fast- 
moving alpha particle; and, second, 



Fig. 9.2. Blackett’s photograph of alpha-particle cloud tracks in nitrogen. 
(From “Radiations from Radioactive Substances” by Rutherford, Chadwick 
and Ellis, The Macmillan Company, New York.) 
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that the alpha particle enters the nu¬ 
cleus of the atom which it strikes, the 
resulting combined nucleus then eject¬ 
ing a proton. The problem would have 
been solved if the nucleus remaining 
after emission of the proton could be 
identified, but there seemed no way in 
which this could be done, particularly 
in view of the very small number of 
atoms actually undergoing disintegra¬ 
tion. 

9.10. However, in 1925, P. M. S. 
Blackett, in England, and in the fol¬ 
lowing year, W. D. Harkins, in the 
United States, independently obtained 
evidence which permitted of a decision 
between the two possible mechanisms 
indicated above. From photographs of 
the tracks produced by alpha particles 
passing through nitrogen in a Wilson 
cloud chamber (§6.68), it could be 
concluded that the alpha particle dis¬ 
appeared in the disintegrating colli¬ 
sion, and so the second of the alterna¬ 
tives was probably the correct one. 
Blackett took over 20,000 photographs, 
depicting a total of more than 400,000 
alpha-particle tracks; of these, eight, 
were of the forked type, of which an 
example is shown in Fig. 9.2, taken by 
two cameras at right angles to one 
another. Each of these forked tracks 
undoubtedly represents a collision be¬ 
tween an alpha particle and a nitrogen 
nucleus leading to disintegration. The 
long, thin track is that of the proton 
which is ejected, whereas the short, 
heavy track is due to the remaining 
(recoil) nucleus. This appears, from 
the cloud-track photograph, to have 
undergone a collision which changed 
its direction. It should be mentioned 
that since the nitrogen atom, before 
being struck by an alpha particle, is 
neutral and has no ionizing power, its 
path cannot be observed in the cloud- 
chamber photograph. The product, on 
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the other hand, carries an electric 
charge, due to the loss of electrons in 
the collision; consequently it has the 
ability to produce ions in its path, and 
so forms a definite cloud track. 

9.11. If the disintegration process 
had been the result merely of a dis¬ 
ruption leading to the expulsion of a 
proton from the nitrogen nucleus, there 
should have been a total of four tracks, 
rather than the three actually ob¬ 
served. In addition to the tracks of the 
proton and of the recoil nucleus, the 
path of the alpha particle should have 
been apparent before and after the 
collision. Since the photographs do 
not show more than three tracks meet¬ 
ing at a point, it may be concluded 
that the alpha particle has entered the 
nucleus of the nitrogen atom with the 
formation of an unstable system, re¬ 
ferred to as a compound nucleus , 
which immediately expels a proton. 

Nuclear Rearrangement 

9.12. Assuming the foregoing mech¬ 
anism to be correct, it is a simple 
matter to determine the nature of the 
recoil nucleus remaining after the pro¬ 
ton has been emitted. The argument 
is based on the reasonable postulate 
that in the nuclear reaction there is no 
change in the total numbers of neu¬ 
trons and protons, although the nu¬ 
cleons will be arranged differently be¬ 
fore and after the collision. The sum 
of the neutrons and protons is equal 
to the mass number, and the number 
of protons is equal to the atomic num¬ 
ber (§§ 4.36, 8.60 footnote). Both these 
numbers must, therefore, balance on 
the two sides of the equation repre¬ 
senting the nuclear rearrangement. 
Tints, the interaction between an 
alpha particle and a nitrogen nucleus 
may be written as follows: 
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Nitrogen Alpha 
Nucleus + Particle 
Mass number 14 4 

Atomic number 7 2 

9.13. It is seen that the residual 
nucleus must have a mass of 17 units 
and an atomic number 8; this is the 
atomic number of oxygen, and so it 
follows that the product is an isotope 
of oxygen with a mass of 17 on the 
atomic weight scale. Indicating the 
various nuclei by the symbols of the 
corresponding elements, and inserting 
the mass number as a superscript and 
the atomic number as a subscript in 
each case, the disintegration or, more 
correctly, the nuclear transformation 
or rearrangement, may be conveniently 
represented by the equation 

?N 14 -|- 2He 4 —» iH 1 + SO 17 , 

the mass numbers and the atomic num¬ 
bers, respectively, adding up to the 
same amounts on the two sides of the 
equation.* 

9.14. Processes of this and related 
types are frequently referred to as 
atomic (or nuclear) disintegration or, 
more colloquially, as “atom smash¬ 
ing.” But it is in a few cases only that 
the nucleus is actually disintegrated, 
or smashed, in the sense of being 
broken up into small fragments. As a 
general rule, nuclear reactions involve 
a simple rearrangement of the protons 
and neutrons among the nuclei con¬ 
cerned. It is preferable, therefore, to 
speak of them either as nuclear rear¬ 
rangements or as nuclear transforma¬ 
tions or transmutations. They may be 
qualified as “artificial,” to distinguish 
them from radioactive changes which 
are spontaneous nuclear transmuta¬ 
tions. 


Compound Recoil 

—> Nucleus —> Proton + Nucleus 
(18) - 1 17 

(9) 1 _8 

9.15. Incidentally, it may be pointed 
out that, apart from the energy changes 
involved, a nuclear reaction and an 
ordinary chemical reaction are similar 
in principle. In the latter, the process 
is accompanied by a rearrangement of 
the atoms, whereas in the former the 
nucleons, i.e., the protons and neu¬ 
trons, are rearranged. The change in 
the grouping of the nucleons associ¬ 
ated with the interaction of the nitro¬ 
gen nucleus and an alpha particle may 
be represented as follows: 

N + He —> H + O* 
Protons 7 2 1-8- 

Neutrons 7 2 0*9 

and it might even be written as; 

p 7 n 7 + ptfi 2 —» p + psn $, ; 

where p and n represent a proton and 
a neutron, respectively. 

9.16. Although it is convenient to 
record for each participating nucleus 
both the symbol and the atomic num¬ 
ber, this is really unnecessary since one 
includes the other; thus, the symbol N 
(for nitrogen) can refer only to the 
element of atomic number 7, and vice 
versa. On the other hand, the mass 
number must always be noted, for 
otherwise it would not be known which 
particular isotopic form is involved. 
Utilizing these facts, a very simple 
scheme, now widely used, was devised 
in 1935 by W. Bothe in Germany fof 
describing nuclear processes. The re¬ 
action under consideration, for exam¬ 
ple, can be formulated as N 14 («,p)0 17 , 
which would be interpreted as follows: 


* It will be noted that the alpha particle has been represented in the eauation as a helium 
nucleus, with which it is, of course, identical. 
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a nitrogen (N 14 ) nucleus interacts 
with, and engulfs, an alpha (a) parti¬ 
cle, a proton (p) is ejected and a nu¬ 
cleus of an oxygen (O 17 ) isotope re¬ 
mains. The general group of nuclear 
reactions studied by Rutherford and 
Chadwick can then be referred to as 
being of the (a,p) type; in these proc¬ 
esses, the alpha particle is the incident 
particle, while a proton is expelled. 

Bombardment of Atomic Nuclei 
by Charged Particles 

9.17. By 1924, Rutherford and Chad¬ 
wick had established that nearly all 
the lighter elements up to and includ¬ 
ing potassium emitted protons when 
subjected to the action of alpha parti¬ 
cles. But with heavier atoms there 
was only scattering of these particles 
(§4.7) indicating that they did not 
have sufficient energy to penetrate the 
atomic nucleus. In reviewing the prog¬ 
ress made during the years x 1925 and 
1926, on “the disintegration of nuclei 
by the impact of alpha rays,” F. W. 
Aston (see §8.36) wrote: “There has 
now come the inevitable period of 
quiescence awaiting the development 
of new weapons.” Actually, some six 
years were to elapse before new meth¬ 
ods of attacking the atom became 
available, with consequences that could 
certainly not have been foreseen. 

9.18. It was shown in §4.16 that, 
at any distance d, the energy of repul¬ 
sion of an alpha particle, carrying two 
unit positive charges, by an atomic 
nucleus, with Z such charges— Z being 
equal to the atomic number—is 2 Ze 2 fd, 
where e is the unit (electronic) charge. 
It is evident that the energy with 
which an alpha particle is repelled 
from a nucleus increases with the 
atomic number. Consequently, parti¬ 
cles which might be sufficiently ener¬ 
getic to approach the nucleus of a light 
element would be turned back by a 
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heavier nucleus, with higher atomic 
number. It was thus apparent to Ruth¬ 
erford, and others, in the late 1920s, 
that progress in the study of nuclear 
disintegration required the construc¬ 
tion of devices which would provide 
particles with greater energy than the 
alpha particles obtainable from nat¬ 
ural radioactive sources. 

9.19. According to classical electro¬ 
static theory the energy which an al¬ 
pha particle would require in order to 
reach the nucleus of an atom, that is 
to say, to be able to surmount the so- 
called potential barrier (§7.28), for 
elements of higher atomic number, 
would be from 20 to 30 Mev. In 1930, 
such high energies, although now fairly 
commonplace, were quite out of reach. 
It was fortunate therefore that, at 
about the same time, the application 
of wave mechanics to the problem of 
nuclear penetration, as explained in 
Chapter VII, showed that particles 
could both leave and enter the atomic 
nucleus even though their energy was 
considerably less than that of the top 
of the hypothetical barrier. 

9.20. The first experiments on nu¬ 
clear transmutation were naturally 
carried out with swift alpha particles 
because of their availability, but the 
wave-mechanical calculations made by 
G. Gamow in 1928 suggested that other 
charged particles might be more effec¬ 
tive. He showed that not only was the 
energy barrier lower, but the probabil¬ 
ity of penetrating it and reaching an 
atomic nucleus also increased, as the 
charge and mass of the incident parti¬ 
cle decreased. Thus, for a given value 
of the particle energy, a proton, with 
unit charge and unit mass, was much 
more likely to enter the nucleus than 
an alpha particle, carrying two charges 
and having a mass of four units* In 
fact, it appeared that in order to at¬ 
tain a particular probability of reach¬ 
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ing a given atomic nucleus, an alpha 
particle would need to have something 
like sixteen times the energy of a pro¬ 
ton. A small number of fast-moving 
protons are, of course, ejected in the 
(a,p) type of process discovered by 
Rutherford, but the number is so in¬ 
significant as to be useless for practical 
purposes. Consequently, interest was 
aroused in many scientific laboratories 
in the possibility of developing meth¬ 
ods for building up high potentials, 
of the order of hundreds of thousands, 
or even millions, of volts, whereby 
protons, i.e., charged hydrogen atoms, 
could be given sufficient energy to pen¬ 
etrate atomic nuclei. 

Disintegration of Lithium 
by Protons 

9.21. The more important of the de¬ 
vices by means of which high-energy 
particles can be obtained will be de¬ 
scribed below. In the meantime it 
may be stated that the first successful 
production of protons with sufficient 
energy to cause nuclear transforma¬ 
tion was achieved in Rutherford's lab¬ 
oratory in Cambridge, England, by 
J. D. Cockcroft and E. T. S. Walton 
in 1932. Their work stands out in 
the history of nuclear science as be¬ 
ing the first case of nuclear disinte¬ 
gration brought about by purely artifi¬ 
cial means. Rutherford had used swift 
alpha particles from natural sources, 
but in the experiments of Cockcroft 
and Walton protons, obtained by the 
ionization of hydrogen in a discharge 
tube, were accelerated by means of , 
high voltages. When the light element 
lithium, in the form of a layer of lith¬ 
ium oxide, was bombarded by fast- 
moving protons, bright scintillations, 
due to particles ejected from the lith¬ 
ium, were immediately observed on a 
zinc sulfide screen placed a short dis¬ 
tance away. The scintillations were 


first detected when the accelerating 
potential was about 125,000 volts, the 
number increasing ' with increasing 
voltage. At 250,000 volts there was one 
scintillation for about a billion protons, 
and at double this voltage the number 
was increased ten-fold. \ 

9.22. Subsequently, CocKcroft and 
Walton made observations of the 
tracks of the ejected particles in a 
cloud chamber, and they reported that 
“the brightness of the scintillations 
and the density of the tracks suggest 
that the particles are normal alpha 
particles. ... It [therefore] seems 
not unlikely that the lithium isotope 
of mass 7 occasionally captures a 
proton and the resulting nucleus of 
mass 8 breaks into two alpha particles 
of mass 4.” The nuclear reactiofi thus 
achieved may be written as 

3 Li 7 + iH 1 -> 2 He 4 + 2 He 4 , 

the proton being indicated by the sym¬ 
bol iH 1 and the alpha particle by 2 He 4 . 
Utilizing the abbreviated method of 
formulation described above, the proc¬ 
ess would be represented as Li 7 (p,«) 
He 4 , although there is .actually no dif¬ 
ference between the alpha particle, rep¬ 
resented by and the helium nucleus, 1 
indicated by He 4 . It is particularly 
significant that, in agreement with the 
calculations of wave mechanics, the 
process occurred to a detectable extent 
with protons of about 125,000 ev, i.e., 
0.125 Mev, a value considerably less 
than the height of the potential barrier 
between a lithium nucleus and a' pro¬ 
ton. , i 

9.23. Support for the postulated dis¬ 
integration was obtained from several 
different directions. Cloud-chamber 
photographs, made by P. I. Dee and 

E. T. S. Walton in England and by 

F. Kirchner in Germany in 1933, 
showed two tracks of equal length, 
evidently due to alpha particles, cmerg- 
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j n g in opposite directions from a lith¬ 
ium target bombarded by the high- 
energy protons. If the nuclear process 
resulted in the formation of two alpha 
particles, as postulated above, then 
they would, in fact, be expelled in op¬ 
posite directions in order to comply 
with the requirement of conservation 
of momentum. 

9.24. Proof of the supposition that 
it is the more abundant lithium iso¬ 
tope, mass number 7, that is involved 
in the production of alpha particles 
was provided in 1934 by Rutherford’s 
students M. L. E. Oliphant, E. S. 
Shire and B. M. Crowther. Pairly 
pure specimens, a few millionths of a 
gram in weight, of the Li 6 and Li 7 
isotopes of lithium were collected on 
small targets, using the electromag¬ 
netic separation procedure (§8,90), 
and bombarded with accelerated pro¬ 
tons. The results showed definitely 
that the Li 7 isotope gave two alpha 
particles; the Li 6 isotope also exhibited 
a nuclear reaction, but it was of a 
different type, as might be expected. 

Nuclear Reaction Energies 

9.25. Nuclear reactions, involving a 
rearrangement of the nucleons, resem¬ 
ble ordinary chemical reactions, in 
which there is a redistribution of whole 
atoms, in the respect that they are ac¬ 
companied by energy changes. The 
nuclear energy changes are, however, 
usually very much larger; they are of 
the order of millions of electron volts, 
as compared with one or two electron 
volts for most chemical reactions. The 
over-all energy liberated or taken up 
in a nuclear process is called the 
nuclear reaction energy, and is gener¬ 
ally represented by the symbol Q ; for 
this reason the energy change is some¬ 
times referred to, in brief, as the “Q” 
of the nuclear reaction. The value of 
Q may be positive or negative dc- 
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pending on the nature of the process. 

9.26. According to the Einstein the¬ 
ory of the equivalence of mass and 
energy, the nuclear reaction energy 
must be exactly balanced by the 
changes in mass associated with the 
reaction. Thus, if Q is positive, that is 
to say, if the process is accompanied 
by the liberation of energy, there must 
be a decrease of mass; the total mass 
of the products will then be less than 
that of the interacting nuclei by an 
amount equivalent to this energy. On 
the other hand, a negative value of Q 
means that energy is taken up and 
there is a gain of mass in the nuclear 
reaction; such a result implies that 
the total mass of the products exceeds 
that of the original particles. 

9.27. In the course of their work, 
Cockcroft and Walton made a com¬ 
parison between the changes of mass 
accompanying the interaction of lith¬ 
ium-7 and a proton to form two alpha 
particles, and the energy liberated in 
the nuclear reaction, assuming the ap¬ 
plicability of the Einstein mass-energy 
relationship (§ 3.72) to such reactions. 
They showed that the agreement was 
consistent with their interpretation of 
the mechanism of the process, as given 
above. But there was no clear evi¬ 
dence, at the time, of the validity 
of the Einstein equation, and conse¬ 
quently, in 1933, K. T. Bainbridge, in 
the United States, used the energy 
data, together with the known iso¬ 
topic weights of lithium, hydrogen and 
helium, to provide a quantitative veri¬ 
fication of the mass-energy relation¬ 
ship. 

9.28. In the reaction between pro¬ 
tons and the lithium isotope of mass 
number 7, the nuclear energy liberated 
can be determined by measuring the 
range, and hence estimating the en¬ 
ergy, of the alpha particles produced. 
Cockcroft and Walton found this range 
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to be approximately 8 cm. in air, so 
that each alpha particle carried off 
about 8.5 Mev, making a total of nearly 
17 Mev for the nuclear reaction energy. 
Later, more precise measurements of 
the alpha particle ranges showed that 
Q for the reaction was 17.2 Mev, after 
allowing for the energy of the incident 
proton; the energy of the bombarded 
lithium nucleus, which is a fraction of 
an electron volt, is quite negligible in 
comparison with the other quantities 
involved. 

9.29. The mass equivalent of 17.2 
Mev can be readily derived by means 
of the Einstein equation in the form of 
equation (3.17) which here becomes 

17.2 Mev = m (a.m.u.) X 931, 

so that the mass equivalent in atomic 
mass units, is found to be 0.0185. Since 
there is a liberation of energy, that is 
to say, Q is positive, it may be con¬ 
cluded that in the nuclear reaction 

Li 7 + II 1 -> He 4 + He 4 

the sum of the masses of the products 
will be less than that of the interacting 
nuclei by 0.0185 atomic mass unit. 

9.30. In an equation of this kind 
it is the masses of the respective nuclei 
which are implied, but the same final 
result is obtained by using the atomic 
or isotopic weights which include the 
masses of the electrons. The number 
6f electrons is the same on both sides 
of the equation, and so when comput¬ 
ing the loss or gain of mass in a 
nuclear reaction, the masses of the 
electrons, if they are included, will 
cancel/ The isotopic weights of Li 7 , 
H 1 and He 4 are now known with con¬ 
siderable accuracy from mass-spectro- 
graphic determinations, so that the 


change of mass may be computed as 
follows: 


Interacting 
Particles 
Li 7 7.0182 
H 1 1.0081 


Product 
Particles 
He 4 4.0039 
He 4 4.0039 


8.0263 8.0078 ' 

Difference 

= 8.0078 - 8.0263 = -0.0185. 

9.31. The nuclear reaction under 
discussion is therefore accompanied by 
a loss of 0.0185 unit of mass, on the 
atomic weight scale, and this is seen 
to be exactly equal to the mass equiv¬ 
alent of the energy liberated, as esti¬ 
mated from the energy of the alpha* 
particles. 

9.32. The identity of the figures in, 
this case is partly fortuitous, byt the 
fact that they are in agreement is a 
strong argument, as Bainbridge 
showed, for the applicability of the 
Einstein mass-energy relationship to 
nuclear reactions. This particular case 
is of special interest, not only because 
it was the first nuclear process brought 
about by artificially accelerated par¬ 
ticles, but also because it provided one 
of the earliest, if not the earliest, veri¬ 
fications of the Einstein equation. 
Since 1932 numerous nuclear trans¬ 
formations have been studied in detail, 
and in every case for which sufficient 
data are available, the value of the 
nuclear reaction energy, as calculated 
from the measured energies of the 
incident and product particles, is 
exactly equivalent, within the limits of 
the experimental errors, to the change' 
of mass accompanying the process. 
There can thus be no question as to 
the validity of the Einstein equation 
in these cases or of the reality of 
nuclear transformations. 


* PmrmscH in which positions (positive elections) me libcmletl me exceptional in this 
respect; nidi position removes mi election, 
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Determination of Isotopic Weights 

9.33. An interesting consequence of 
the study of the mass and energy 
changes involved in nuclear processes 
was the suggestion, made independ¬ 
ently in 1935 by H. A. Bethe and by 
M. L. E. Oliphant, A. R. Kempton 
and E. Rutherford, that the mass- 
spectrographic isotopic weights of the 
lighter elements in use at that time 
required correction. These investigat¬ 
ors found that, in certain nuclear reac¬ 
tions, the energy change differed from 
the equivalent of the mass change by 
amounts exceeding the probable ex¬ 
perimental errors. It was felt that the 
source of the discrepancies was not in 
the mass spectrograph itself) but rather 
in the accepted isotopic weight of 
helium, mass number 4, which was 
used as a comparison standard for the 
lighter elements. The isotopic weights 
were consequently recalculated on the 
basis of an empirical correction in the 
helium value, and the results so ob¬ 
tained gave excellent agreement with 
the mass-energy principle. A more 
careful comparison by F. W. Aston 
of the isotopic weight of helium with 
that of oxygen, made in 1936, com¬ 
pletely substantiated this correction, 
and thus provided striking evidence 
for the equivalence of mass and en¬ 
ergy, at least in the nuclear processes. 

9.34. It is of interest in this con¬ 
nection to mention that the isotopic 


Atomic Energy Chap . IX 

weights of certain nuclides which are 
either too unstable or too rare to 
be measured by mass-spectrographic 
methods are actually determined from 
nuclear reaction energies. A case in 
point is that of the oxygen isotope O 17 
which, as mentioned in § 9.13, results 
from the interaction of an alpha parti¬ 
cle with a nitrogen nucleus; this reac¬ 
tion, including the energy Q, may be 
written as 

N 14 + He 4 —> H 1 + O 17 + Q.* 

From the known energy of the alpha 
particle and the measured range of 
the proton, the nuclear reaction en¬ 
ergy Q is found to be —1.16 Mev; the 
mass equivalent on the atomic weight 
scale, obtained upon dividing by 931, 
as seen above, is then —0.00124. 

9.35. It will be noted that since Q 
has a negative value in this case, the 
total mass of the products will be 
greater than that of the interacting 
particles. The isotopic weights of N 14 
and He 4 are 14.00752 and 4.00387, 
respectively, making a total of 18.01139, 
on the left-hand side of the equation. 
On the right-hand side there is 1.00814 
for H 1 and —0.00124 for the mass 
equivalent of Q, i.e., 1.00690 in addi¬ 
tion to the isotopic weight of O 17 ; the 
latter is consequently given by 

O 17 = 18.01139 - 1.00690 = 17.0045, 

rounded off to six significant figures. 


PARTICLE ACCELERATORS 


The Voltage Multiplier 

9.36. Although it was not the first 
device for producing charged particles 
of high energy, the voltage multiplier 


system employed by Cockcroft and 
Walton (§9.21) is important histori¬ 
cally because it was the first with which 
artificial nuclear transformation was 


* It is the usual practice to write these equations in the algebraic form with +Q, although 
the actual value of Q may be positive or negative. Since in the case under consideration Q 
is —1.16 Mev, the equation becomes 

N“ + Ho 4 -► U 1 + O 17 - 1.16 Mev. 
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achieved.* The principle had previ¬ 
ously been used for accelerating elec¬ 
trons, and in 1929 it was adapted by 
Cockcroft and Walton for use with 
protons which were thus obtained with 
energies up to 380,000 ev. However, it 
was not until two years later that the 
disintegration of the lithium nucleus 
by protons with less than half this 
energy was definitely recognized. 

9.37. The procedure may be illus¬ 
trated by reference to Fig. 9.3. A 



I 


is open (Fig. 9.3, I); in the next half 
cycle, the alternations are reversed and 
Si is open while S 2 ' is closed (Fig. 
9.3, II), and so on in successive half 
cycles. When Si is closed, the con¬ 
denser Ci is charged up to the potential 
IT (Fig. 9.3,1), which is virtually that 
supplied by the transformer T. Upon 
opening Si and closing S 2 , part of the 
charge on Ci is transferred to C 2 , but 
in the next half cycle, Ci receives more 
charge which it again shares with C 2 



n 


Fig. 9.3. Principle of the voltage multiplier used by Cockcroft 
and Walton. 


number of condensers Ci, C 2 , C 3 , C 4 , 
etc., of equal capacity, are arranged as 
shown, together with switching mech¬ 
anisms Si, S 2 , etc.; the transformer T 
is the source of a high-voltage alternat¬ 
ing potential. The switches Si, S 2 , 
etc., are actually vacuum tubes, and 
operate in such a manner that when 
the alternations in T are in one direc¬ 
tion, the switch Si is closed while S 2 


in the following half cycle. Eventually, 
both Ci and C 2 are charged up to the 
potential TT, so that V 2 (Fig. 9.3, II) 
is twice IT. The arrangement of two 
condensers Ci and C 2} and two vacuum 
tubes Si and S 2 , acting as switches, 
is thus a voltage doubler , and several 
such doublers in cascade constitute a; 
voltage multiplier .f In one stage the 
voltage is doubled, in two stages it is 


♦The voltage multiplier (or cascade rectifier) was apparently originated by H. Greinacher 
in Switzerland, in 1920. 

t Strictly speaking, what has been called here, for simplicity, the switching action of the 
vacuum tubes S lt Si, etc.* is really their ability to act as valves* which permit current to pass 
in one direction only. They thus act as rectifiers of the alternating potential supplied by 
the transformer. Consequently, the voltage multiplier is sometimes referred to as a cascade 
rectifier* 
































248 


Sourcebook on Atomic Energy 


quadrupled, in three stages it is in¬ 
creased six-fold, and so on. 

9.38. Starting with a potential of 
about 100,000 volts across the sec¬ 
ondary coil of the transformer T, Cock¬ 
croft and Walton were able to obtain 
an output of nearly 800,000 volts. This 
high potential was then used to accel¬ 
erate protons obtained by passing an 
electric discharge through hydrogen 
gas. In later forms of the apparatus, 
based on the voltage multiplication 
principle, particle energies up to 3 Mev 
have been obtained. The Cockcroft- 
Walton device has the advantage of 
simplicity, with no moving parts. The 
maximum energies obtainable are low 
compared with those from other ac¬ 
celerators, described below, but it pro¬ 
vides fairly large ion currents at con¬ 
stant voltage, and hence it is very 
useful for experimental work requiring 
moderate potentials. The voltage mul¬ 
tiplier can be used to accelerate other 
charged particles, such as alpha parti¬ 
cles (helium nuclei), deuterons (deu¬ 
terium nuclei), and others, produced 
by ionization of the corresponding gas. 

The Electrostatic Generator 

9.39. The essential principle of the 
high-voltage electrostatic generator, 
developed by R. J. Van de Graaff in 
the United States, is similar to that em¬ 
ployed in various forms of apparatus, 
such as the Wimshurst machine, which 
have been used in laboratories for 
many years to obtain discharges of 
static electricity. The instrument 
makes use of two facts long familiar 
to physicists. The first is that a con¬ 
ducting sphere, or other hollow body, 
is able to accept, any available charge, 
irrespective of its own voltage. It is 
thus possible to build up the potential 
by continuously supplying electric 
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charge to the sphere. The second fact 
is that discharge of electricity occurs 
readily at pointed objects. 

9.40. The apparatus consists of a 
belt A , made of paper, silk, rayon or 
other flexible, nonconducting material, 
which is run, by means of a motor, at 
high speed over two pulleys, as indi¬ 
cated in Fig. 9.4. A direct current po- 



Fig. 9.4. Diagrammatic representation of 
the Van de Graaff electrostatic generator. 

tential of from 5000 to 20,000 volts 
is applied at £>, the positive pole being 
connected to a pointed comb-like con¬ 
ductor, and the negative to a rounded 
body, one on each side of the moving 
belt, as shown at C. As the moving 
belt passes by C, it picks up positive 
electricity* from the points, and con¬ 
veys it upward toward the large metal 
sphere D, sometimes called the corona 


* Actually negatively charged electrons pass from the belt to the points, thus leaving the 
belt with a positive charge. 
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cap y mounted on insulating supports. 
At E a set of points connected to the 
sphere draw off the charge from the 
belt and transfer it to the sphere, thus 
building up an electrical potential on 
the latter. 

9.41. In the later forms of the 
Van de Graaff electrostatic generator, 
a pointed conductor F, also connected 
to the sphere, is placed opposite the 
rounded end of E . A discharge of 
negative electricity thus takes place 
from Fj so that electrons are collected 
by and carried downward by the belt; 
these are eventually removed at C and 
pass to the source B. This additional 
device does not appreciably affect the 
maximum potential attainable, but it 
does increase the magnitude of the 
charged-particle current which the ap¬ 
paratus can supply. 

9.42. As the generator operates, the 
voltage of the corona cap, with respect 
to the earth, steadily increases until 
it reaches a point where the electric 
charge leaks away as fast as it is col¬ 
lected from the moving belt. The leak¬ 
age can be minimized, and the maxi¬ 
mum attainable voltage thereby in¬ 
creased, by enclosing the apparatus in 
a gas-tight steel chamber and operat¬ 
ing under pressures up to about 15 at¬ 
mospheres. The gas in the chamber 
may be air or nitrogen alone or, bet¬ 
ter, methane, difluorodichloromethane 
(“Freon”) or sulfur hexafluoride mixed 
with air or nitrogen. 

9.43. In the first electrostatic gen¬ 
erator constructed by Van de Graaff 
in 1931, the maximum potential at¬ 
tained was 1.5 million volts. In later 
forms this was increased in stages up 
to a considerably higher value. Elec¬ 
trostatic generators capable of reach¬ 
ing potentials of 12 million volts have 
been constructed, but operation beyond 
about 8 million volts is difficult. By 
changing the voltage supplied at B 


(Fig. 9.4), the potential can be varied 
continuously over a considerable range. 
Although the maximum potentials at¬ 
tainable by means of the Van de Graaff 
accelerator are quite small compared 
with those from other machines de¬ 
scribed below, the former has some 
important advantages. It can provide 
a powerful beam of electrically charged 
particles, either electrons, protons or 
other positively charged ions, at volt¬ 
ages which can often be maintained 
constant within about 0.1 per cent. 

9.44. In both the voltage multiplier, 
and electrostatic generator methods of 
producing high potentials means-, must 
be devised for the application of these 
potentials to the particular ions, or 
electrons, being employed. For this 
purpose special accelerating tubes have 
been designed; they are usually made 
up of sections of glass, porcelain or 
other insulating material joined end to 
end by vacuum-tight seals. The com¬ 
plete tube has to be long enough to 
eliminate the possibility of a spark or 
other discharge passing from one end 
to the other when the potential is 
applied. The high-potential region of 
the voltage multiplier • or electrostatic 
generator is connected to a hollow, 
cylindrical electrode at one end of the 
tube, and a similar electrode at the 
other end is connected to earth. Ions 
are then sent through the accelerating 
tube from a suitable source at the 
high-potential end to the target at the 
other end, acquiring increasing energy 
as they travel the length of the tube. 

The Linear Accelerator , 

9.45. An instrument, known as a 
linear accelerator , for producing posi¬ 
tive ions of high energy, was con¬ 
structed by D. H. Sloan and E. O. 
Lawrence in the United States in 1931, 
utilizing a principle previously em¬ 
ployed by R. Wideroc in Germany in 
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1929* Because of certain limitations 
of the apparatus, which will be indi¬ 
cated shortly, it was used only for the 
acceleration of heavy ions, but the en¬ 
ergies attained were not high enough 
to cause interaction with other nuclei. 
However, in recent years there have 
been important developments of the 
same general idea for producing 
charged particles of high energy. It is 
worth while, therefore, to consider the 
linear accelerator, especially as it was 
the forerunner of an instrument, to be 
described in the next section, which 
has played a highly significant role in 
the progress of nuclear science. 
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source S move from left to right along 
the common axis of the cylinders. 
While passing through the first (or 
any other) cylinder, they receive no 
acceleration, since this has a uniform 
charge,f but in traversing the gap be¬ 
tween the first and second cylinders 
the ions are in a region in which there 
is a difference of potential. If the first 
cylinder is positive and the second is 
negative, the positively charged parti¬ 
cles will be accelerated in the gap. 
The ionic particles then enter the sec¬ 
ond cyinder and travel through it at 
a speed which is constant but higher 
than the initial value. The length of 
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Fig. 9.5. Linear accelerator for positively charged 
particles. 


9.46. In essence, the drift-tube type 
of linear accelerator consists of a 
number of cylinders, of increasing 
length, arranged in a straight line, as 
represented in Fig. 9.5. Alternate cyl¬ 
inders are connected together, the first, 
third, fifth, etc., being joined to one 
terminal (A) and the second, fourth, 
sixth, etc., to another terminal ( B ) of 
a generator of high-frequency electrical 
oscillations. At any instant, therefore, 
alternate cylinders carry opposite elec¬ 
trical potentials; for example, in a 
particular half cycle of the oscillations, 
all the odd-numbered cylinders will be 
positive while those with even numbers 
will be negative. In the next half cycle 
the potentials will be reversed, so that 
the odd numbers become negative and 
the even numbers positive. 

9.47. Suppose positive ions from the 


this cylinder is such that just as the 
ions reach the gap between it and the 
third cylinder the potentials are re¬ 
versed. The second cylinder is now 
positive while the third is negative, so 
that in passing through the gap the 
ions receive an additional impulse 
which accelerates them still further. By 
making the successive cylinders in¬ 
creasingly longer, to allow for the 
increasing speeds of the positive ions, 
it is possible for the ions to be kept 
exactly in phase with the alternations 
of potential. Thus, whenever the ions 
reach a gap between two cylinders, the 
one on the left has a positive potential 
whereas that on the right is negative; 
and so the ions acquire additional en¬ 
ergy every time they pass from one 
cylinder to the next. 

9.48. If V volts is the potential pro- 


* The idea is said to have been first suggested by G. Ising in Sweden in 1924 

tit is for this reason that the cylinders are referred to as drift tubes or shielding tubes. 
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duced by the oscillator at the terminals 
A and £, the total energy in electron 
volts acquired by a singly-charged ion, 
such as a proton, will be approximately 
equal to V multiplied by the number 
of gaps traversed. In this way Sloan 
and Lawrence, using an apparatus with 
some thirty cylinders, were able to 
obtain mercury ions of 1.26 Mev en- 
ergy, although the source of potential 
was only 42,000 volts. Subsequently, 
an energy of 2.85 Mev was obtained 
by raising the oscillator potential to 
79,000 volts and using additional cyl¬ 
inders to increase the number of 
gaps. 

9.49. Because the oscillation fre¬ 
quency of the high-frequency oscil¬ 
lators available in the early 1930s was 
not really high enough, it was neces¬ 
sary to work with relatively heavy, 
slow-moving ions, such as those of 
mercury. If the lighter ions, of hydro¬ 
gen (protons) or helium (alpha parti¬ 
cles) , for example, had been used, the 
cylinders would have had to be made 
inconveniently long so as to allow suf¬ 
ficient time for the potential to be 
reversed while the fast-moving ions 
were passing through them. The ad¬ 
vances made in the production of very 
high-frequency oscillations of consid¬ 
erable power for radar purposes sug¬ 
gested to the American physicist L. W. 
Alvarez the possibility of making a 
linear accelerator capable of yielding 
high-energy protons. In the apparatus 
constructed at Berkeley, California, in 
1947, oscillations of about 200 million 
cycles per second frequency are em¬ 
ployed in extremely short bursts, or 
pulses. The lengths of the cylindrical 
drift tubes vary from four to thirteen 
inches. Protons of about 4 Mev en¬ 
ergy, obtained from a Van de Graaff 
electrostatic generator (§ 9.38), are in¬ 
troduced into the accelerator and their 
energy is steadily increased to 32 Mev 
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as they pass from one end to the other, 
a distance of about 40 feet. 

9.50. When the plans for the new 
linear accelerator were being made in 
1946, it was hoped to construct seven 
sections which would bring the energy 
of the protons up to nearly 300 Mev. 
However, contemporaneous theoretical 
developments showed that equally high 
(or higher) energies could be obtained 
with very much less power expenditure, 
and so no further work was done on 
the 300-Mev linear accelerator. This 
type of instrument has nevertheless 
found a number of applications in 
nuclear physics. One is to inject pro¬ 
tons at moderately high energies, e.g'., 
10 Mev, into an instrument capable qf 
accelerating these particles to much 
higher energies (§ 9.101). Another use, 
which is attracting interest, is for the 
production of large currents of positive 
ions, e.g., appreciable fractions of an 
ampere, many thousands of times 
greater than those attainable in other 
ways (§9.116). 

9.51. A different kind of linear ac¬ 
celerator has been developed for the 
production of electrons of high energy. 
It is based on the principle that elec¬ 
trons can be made to travel with high- 
frequency radio waves and take up 
energy continuously from these waves. 
An accelerator of this type was con¬ 
structed by D. W. Fry and his collabo¬ 
rators in England in 1946, and other 
designs were proposed by W. W. 
Hansen at Stanford University in 1947 
and by J. C. Slater of the Massachu¬ 
setts Institute of Technology about the 
same time. The Stanford traveling- 
wave accelerator is of particular inter¬ 
est. It consists of a 3-inch wide 
copper tube, divided into a number of 
sections by means of disks, with holes 
in the center, placed at intervals 
along the tube. This constitutes what 
is known as a traveling-wave guide. 
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Pulsed oscillations of extremely high 
frequency are introduced, and the wave 
length of a given phase is determined 
by the distance between the disks in 
the wave guide. Electrons entering the 
tube with the forward phase of the 
wave always remain in phase with 
the traveling wave and steadily in¬ 
crease in energy. In the first, 12-foot 
model of the linear electron accelerator, 
built in 1947, energies up to 6 Mev 
were reached, but a later (1957) form, 
for energies approaching 1000 Mev, 
the wave guide is 260 feet long, with 
high frequency (10-cm. wave length) 
power supplied from special klystron 
tubes* at 10-foot intervals. The elec¬ 
tron beam is pulsed at the rate of 
sixty per second, each pulse having a 
duration of two millionths of a second. 

9.52. Several linear accelerators, op¬ 
erating on a similar principle, for 
producing electrons of high energy, 
have been constructed in the United 
States and in England. Many of these 
devices make use of magnetrons, such 
as are employed in radar transmitters, 
as the source of high-frequency power. 
In Great Britain, in particular, linear 
electron accelerators of about 4-Mev 
energy have been developed commer¬ 
cially for the production of penetrating 
X-rays (bremsstrahlung). 

The Cyclotron 

9.53. The method for producing pos¬ 
itively charged particles of high energy 
which has attracted more world-wide 
interest than any other was a direct 
outcome of the earliest form of the 
linear accelerator. Instead of using 
shielding (or drift) cylinders of grad- 
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ually increasing length as the speed 
of the charged particles became 
greater, E. 0. Lawrence, of the Uni¬ 
versity of California, conceived the 
idea of using a magnetic field to make 
the particles move in a spiral of in¬ 
creasing radius, so that the length of 
the path automatically increased with 
the speed of the accelerated particle. 
The first report of the idea was made 
by E. O. Lawrence and N. E. Edlefson 
at the meeting of the National Acad¬ 
emy of Sciences held in Berkeley, 
Calif., in September 1930, and the first 
experimental accelerator, using the 
new principle, was constructed by E. 
O. Lawrence and M. S. Livingston in 
1931. The instrument, which has grown 
tremendously in size and power since 
that time, is now known as a cyclo¬ 
tron. f The original model produced 
protons with energy of 80,000 ev, but 
by increasing the size and power of 
the magnets, and introducing certain 
modifications to be described below, 
cyclotrons have been used to ac¬ 
celerate protons up to about 730,000,- 
000 ev (730 Mev). 

9.54. In its most general form, the 
cyclotron consists of two flat, semi¬ 
circular boxes, called dees because of 
their shape, which are indicated by 
D 1 and D 2 in Fig. 9.6, I. These are 
surrounded by a closed vessel, con¬ 
taining gas at low pressure, placed be¬ 
tween the poles of a magnet as shown 
in the elevation in Fig. 9.6, II. A high- 
frequency, alternating potential, of 
several million cycles per second, is ap¬ 
plied between the dees, which act as 
electrodes. At S an electrically heated 
filament produces a stream of electrons 


* The klystron tube is an electronic (vacuum-tube) device for the generation of very high- 
frequency radio waves, Le„ radar waves (or microwaves) of short wave length. 

f In 1935. E, O. Lawrence, E. McMillan and R. L. Thornton wrote: "Since we shall have 
many occasions in the future to refer to this apparatus, we feel it should have a name. The 
ienu ‘magnetic resonance accelerator* if? suggested . . . the word ‘cyclotron/ of obvious 
derivation, has come to be used m a sort of laboratory slang.” By 1936, however, the name 
cyclotron, because of ils convenience, had come into general use. 
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which causes ionization of the gas, 
hydrogen, deuterium or helium, con¬ 
tained in the system; hence, S may 
be regarded as a source of positive 
ions, namely, protons, deuterons or 
alpha particles, respectively. 

9.55. Suppose that at any partic¬ 
ular instant the direction of the al¬ 
ternating potential is such that the 
electrode D x is positive and D 2 is neg¬ 
ative. A positive ion starting from 
the source S will then be attracted to 


reaches the gap between the dees where 
it becomes subject to the action of the 
applied potential difference. If the os¬ 
cillation frequency is such that in the 
time of passage through D 2 the sign 
of the potential is reversed, so that 
D 1 is negative and D 2 is positive, the 
positive ion will now be accelerated 
toward D x . Since its energy is conse¬ 
quently greater than it was originally, 
the ion will move faster, that is, v will 
increase; hence, the circular path in 




1 n 

Fig. 9.6. Simplified representation of cyclotron with two dees. 


D 2 , but as a uniform magnetic field 
acts in a direction at right angles 
(Fig. 9.6, II), the ion will move in a 
circular path. The radius of this path 
can be readily derived from equation 
(2.8) which, as stated earlier, applies 
to all types of charged particles in a 
magnetic field; the result is 


mv 

He 


(9.1) 


where m is the mass of the ion, e is 
its charge, v its velocity, and H is the 
strength of the magnetic field. 

9.56. While it is in the interior of 
the dee, the speed of the ion remains 
constant, just as it does within the 
cylindrical drift tubes of the linear 
accelerator (§ 9.46). But after describ¬ 
ing a semicircle through the ion 


Di, under the influence of the magnetic 
field, will have a larger radius r, as 
can be seen from equation (9.1). 

9.57. The striking and significant 
property of the cyclotron is that the 
time taken by the charged particle to 
traverse the semicircular path in the 
dee is independent of the velocity of 
the particle or of the radius of the 
path. That is to say, the increase in 
length of the path, due to the larger 
radius, is exactly compensated by the 
increase in the velocity of the particle. 
The length of the path is irt y wh6re 
r is the radius, and ir has its usual 
significance; since v is the velocity, 
the time T taken to traverse the semi¬ 
circle is given by 


T * —• 

v 































254 


Sourcebook on Atomic Energy Chap. IX 


Upon substituting the value of r from 
equation (9.1), it is seen that 


7 rmv _ 7r m 

Hev He 


(9.2) 


which is independent of both v and r. 

9.58. This means that if the oscilla¬ 
tion frequency is adjusted to the na¬ 
ture of the given ion and to the 
strength of the magnetic field, the 
charged particle will always keep in 
phase with the changes of electric po¬ 
tential between the dees. Thus, each 
time the particle crosses the gap from 
Di to D 2 it will receive an additional 
impulse toward D 2 ; on the other hand, 
when it crosses from D 2 to D 1} it will 
be accelerated toward D Xj for the di¬ 
rection of the potential will then be 
reversed. The result of these repeated 
impulses is that the energy of the ion 
is steadily increased, and at the same 
time it describes a flat spiral of in¬ 
creasing radius. Eventually, the ion 
reaches the periphery of the dee and it 
can be brought out of the dee chamber 
by means of a deflecting plate at P 
(Fig. 9.6,1) which is charged to a high 
negative potential. The attractive force 
acting on the positive ion draws the 
latter out of its spiral path, so that it 
can be used to bombard any desired 
material. 

9.59. Although the foregoing de¬ 
scription has referred to a single ion, 
actually the source S supplies ions con¬ 
tinuously, so that a stream of high- 
energy ions will emerge from the cy¬ 
clotron. The value of the maximum en¬ 
ergy may be calculated by making use 
of the fact that it is energy of motion, 
i.e., kinetic energy, and is consequently 
equal to V 2 mr 2 , where m is the mass 
of the particle and v is its maximum 
speed when it leaves the dee. Accord¬ 
ing to equation ( 9 . 1 ), v is equal to 
Her/m, and if R is the radius of the 
dee, the maximum velocity, at the 


periphery, will be HeR/m. The kinetic 
energy E of the ion as it emerges 
from the cyclotron will then be 



. f!. (9.3) 


m 


9.60. If the oscillation frequency of 
the potential is adjusted to the partic¬ 
ular ion, the maximum energy attain¬ 
able will be determined by the product 
H-R 2 . If, for a given cyclotron, i.e., R 
is constant, the magnetic field strength 
H is also maintained constant, it fol¬ 
lows that the energy which a charged 
particle will attain is proportional to 
the square of its charge, and inversely 
proportional to its mass. Protons, for 
which e and m are both unity in terms 
of electronic charges and atomic 
mass units, respectively, will thus 
acquire the same energy as alpha par¬ 
ticles, with e equal to two and m to 
four units. Deuterons, on the other 
hand, for which e is unity and m is 
two, will attain only half this maxi¬ 
mum energy. 

9.61. The time for the ion to traverse 
any semicircular path is given by 
equation (9.2), and so the time to 
make a complete turn of the spiral is 
twice this quantity, that is, 2irm/He. 
The frequency « of the oscillations re¬ 
quired to keep the ion in phase is the 
reciprocal of this time, so that 


CO 


He 
2ir m 


(9.4) 


and upon combining this result with 
equation (9.3), the energy of the 
emerging ion is found to be 

E = 2w 2 R 2 (jd 2 m. (9.5) 

9.62. As a general rule it is more 
convenient to operate the cyclotron 
with the field strength H constant, as 
implied above, but an alternative pos¬ 
sibility is to maintain constant the 
oscillation frequency <u of the voltage 
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supply to the dees, and to adjust the 
magnetic field to satisfy equation 
( 9 . 4 ) for different particles. It can be 
seen from equation (9.5) that, in con¬ 
trast to the case in which the magnetic 
field is constant, the maximum energy 
will now be proportional to the mass 
m of the particle, and independent of 
its charge. Under- the conditions of 
constant oscillator frequency, the en¬ 
ergy attainable by an alpha particle 
will then be four times, and that of a 
deuteron twice, that of a proton. 

9.63. Attention may be called to the 
fact that the voltage applied to the 
dees does not appear in either equation 
( 9 . 3 ) or ( 9 . 5 ), so that the maximum 
energy which a given charged particle 
can acquire in a particular cyclotron 
is independent of this voltage. The 
reason is that when the voltage is 
small the ion makes a large number 
of turns before reaching the periphery, 
but when the voltage is high the num¬ 
ber of turns is small. The product, 
which determines the total energy, is 
the same in each case, provided the 
magnetic field H and the maximum 
radius R of the path are unchanged. 

9.64. No matter how the cyclotron 
is operated, it can be seen from equa¬ 
tion ( 9 . 3 ) that the maximum energy 
acquired by a given particle is deter¬ 
mined by H 2 R 2 } i.e., by the square of 
the product of the field strength and 
the radius, or diameter, of the dee. 
It is evident therefore that, in order 
to obtain ions of high energy, it is 
necessary to increase the strength and 
size of the magnet in the field of which 
the ions traverse their spiral path. The 
first cyclotron (Fig. 9.7) to yield high- 
energy charged particles usable for nu¬ 
clear transformations, built by Law¬ 
rence and Livingston of the University 


of California in 1931, had a magnet 
with pole faces 11 inches in diameter 
and this produced protons of 1.22 Mev 
energy. Subsequently, instruments 
with 27-inch, later extended to 37- 
inch, and 60-inch diameter pole faces* 
were constructed by Lawrence and his 
collaborators in Berkeley, Calif., and 
several cyclotrons were erected in the 
United States and elsewhere. 



Fig. 9.7. The first cyclotron, about 11 
inches diameter; the magnet is not shown. 


9.65. Prior to 1946, the most ener¬ 
getic particles available were deu¬ 
terons of about 20 Mev and alpha par¬ 
ticles of 40 Mev energy obtained from 
the 60-inch Berkeley cyclotron, em¬ 
ploying a magnet weighing about 200 
tons. Although the cyclotron is ca¬ 
pable of producing strong beams of 
high-energy ions, the voltage is neither 
as constant nor as uniform as it is for 
those from the other types of accelera¬ 
tors described above. The cyclotron is 
a powerful instrument for certain in¬ 
vestigations requiring particles of very 
high energy, but where the exact value 
of this energy need not be precisely 
known. However, by passing the emer¬ 
gent beam through a magnetic field it 
is possible to sort out ions having 
definite energy values, if required. 


* The diameter of the magnet pole faces is used to desoribe the size of the cyclotron. Thus 
a “60-inch cyclotron” would imply an instrument with pole faces 60 inches in diameter; the 
diameter of the dees is a few inches less. 
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The Synchrocyclotron 

9.66. After the completion of the 
60-inch cyclotron in 1939, Lawrence 
considered the possibility of designing 
an instrument of much greater power 
which would not only be able to bring 
about new types of nuclear rearrange¬ 
ments, but might be capable of actu¬ 
ally creating particles. Encouraged by 
the gift of over a million dollars from 
the Rockefeller Foundation, which was 
augmented by funds from other 
sources, work on the construction of 
the new cyclotron was commenced in 
Berkeley, Calif., in August, 1940. It 
was to have a magnet containing 3700 
tons of steel and 300 tons of copper, 
with pole faces 184 inches in diameter, 
and was to be capable of accelerating 
deuterons to 100 Mev and alpha parti¬ 
cles to 200 Mev. However, this giant 
magnet was destined to play another 
role before it finally took its intended 
place in the world's largest cyclotron. 

9.67. It will be recalled (§ 8.94) that 
in 1941 Lawrence had become inter¬ 
ested in the separation of the isotopes 
of uranium by the electromagnetic 
method. After preliminary studies 
with the magnet of the 37-inch cyclo¬ 
tron had shown the procedure to be 
feasible, work on the 184-inch magnet, 
which had been set aside, was resumed 
and it was completed in May 1942. 
During the summer of the same year 
an apparatus employing the new mag¬ 
net produced the first significant 
quantities of fairly pure uranium-235. 
It was the success achieved in this 
manner that led to the decision to 
erect a large-scale electromagnetic sep¬ 
aration plant at Oak Ridge, Tenn., as 
stated in Chapter VIII. In 1945, the 
giant magnet was released from its 
wartime services in connection with 


the separation of isotopes and restored j 
to its original purpose, the production 
of high-energy ions, after a lapse of 
nearly four years. But the delay was 
not altogether without compensation, 
for the discovery of a new principle 
made it possible for the 184-inch cy¬ 
clotron to yield particles with twice 
the amount of energy originally ex¬ 
pected. 

9.68. When concluding, from equa¬ 
tion (9.2), that the time taken for a 
given charged particle to describe the 
semicircular path in either of the dees 
of a cyclotron is independent of the 
velocity of the ion or of the radius of 
the path, the tacit assumption was 
made that the mass m of the particle 
remained constant. For energies of 
the order of 10 or 20 Mev, this is 
substantially true, but at higher en¬ 
ergies, and hence higher speeds, the 
relativistic mass effect (§ 3.70) be¬ 
comes important. The value of the 
mass m is given by equation (3.9), and 
this increases rapidly as the velocity v 
of the particle approaches the speed of 
light. A deuteron of 20 Mev energy, 
which is the fastest-moving particle 
produced in the 60-inch cyclotron, has 
a velocity about 0.145 times the speed 
of light, and its effective mass, by 
equation (3.9), is 1.01 times the rest 
mass. The change of mass is compara¬ 
tively small, and so the operation of 
the cyclotron is not greatly affected. 

9.69. At higher energies, the mass 
of the particle increases to such an 
extent that its effect becomes appreci¬ 
able.* It can be seen from equation 
(9.2) that as the mass of the ion in¬ 
creases, so also does the time T of 
transit through the dee. As a result, 
the particle will no longer be in phase 
with the oscillating potential. Instead 


*It was suggested by W. W. Hansen (see § 9.51) that when the speed of the particles ap¬ 
proaches that of light and an increase of energy results in an appreciable increase of mass, 
rather than of velocity, the device should be called a pundemtor, instead of an accelerator. 
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of reaching the gap between the dees 
at the exact instant required for it to 
receive an accelerating impulse, the 
ion will arrive too late and conse¬ 
quently will gain little or no addi¬ 
tional energy. On account of the rela¬ 
tivistic mass increase, therefore, an 
approximate limit is set to the energy 
that can be acquired by an ion in a 
conventional cyclotrpn operating un¬ 
der given conditions. In order to offset 
this limitation to some extent, it was 
proposed, when the 184-inch cyclotron 
was first planned, to use a very high 
potential—about a million volts—so 
that the ions would need to make only 
a comparatively small number of 
turns in order to attain higher energies. 

9.70. In 1945, V. Veksler in Rus¬ 
sia and, a few months later, E. M. 
McMillan in the United States, inde¬ 
pendently, showed that allowance 
could be made for the effect of the in¬ 
crease of mass of a particle moving at 
high speeds so as to keep it in phase 
with the oscillating potential. Two 
methods of compensation are possible. 
One is to increase the magnetic field 
H in proportion to the mass, so that 
m/H remains constant; it can be seen 
from equation (9.2) that the time T 
would then be unaffected by the in¬ 
crease of mass. The other possibility, 
which is more readily adapted to the 
cyclotron, is to leave the magnetic 
field unchanged, but to decrease the 
frequency of the oscillating potential 
as the mass of the particle increases. 

9.71. In this connection, McMillan 
pointed out that if the oscillation fre¬ 
quency is continuously adjusted so as 
to coincide with the decreasing fre¬ 
quency of rotation of the particle, as 
the time T increases, the principle of 
phase stability can be utilized. This 
principle may be explained by refer¬ 
ence to Fig. 9.8, which represents the 
variation with time of a cycle of the 


high-frequency oscillating potential. 
In normal operation the charged parti¬ 
cle receives its acceleration at a point 
indicated by the time t 0) just beyond 
the potential peak. If the particle al- 



Fig. 9.8. Diagram to illustrate the prin¬ 
ciple of phase stability. J 


ways remained exactly in phase, it 
would always arrive at the appropriate 
time to of the cycle to gain the proper 
amount of energy. However; if the 
particle arrives too late, for example 
at the time ti, the potential will then 
have decreased, so that it will not re¬ 
ceive the regular increment of ! energy, 
and hence of mass. It follows from 
equation (9.2) that the time T re¬ 
quired to traverse the path will be less, 
and consequently its next arrival will 
be in time for it to receive the full 
accelerating effect of the potential ’at 
t 0 . On the other hand, if the particle 
reaches the accelerating position too 
soon, at time t 2 , for example, it will 
gain more energy and mass than nor¬ 
mal, since the potential is now higher 
than at to. It will thus take a slightly 
longer time to return to the point 
where it receives the next impulse. 
The rotation of the charged particles 
is thus automatically synchronized 
with the changing frequency of the ac¬ 
celerating potential. The action is sim¬ 
ilar to that in a synchronous motor, 
and hence the name synchrotron was 
proposed by McMillan for a device 
using this principle. 
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9.72. About six months after con¬ 
struction of the 184-inch cyclotron had 
been resumed in 1945, it was decided 
to modify the instrument so that the 
frequency of the oscillations could be 
varied to compensate for the increase 
of the mass of the accelerated ions at 
high speeds. For this reason the ma¬ 
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dee, it acquires additional energy, so 
that it follows a spiral path just as if 
two dees were employed. By means of 
a rapidly rotating, variable condenser, 
the frequency of the oscillating po¬ 
tential applied to the dee is decreased 
so as to compensate for the gain in the 
effective mass of the particle as its 



Fig. 9.9. The 184-inch synchrocyclotron in the University of California Radiation 

Laboratory, Berkeley, Calif. 


chine (Fig. 9.9) is referred to as a 
synchrocyclotron or as a frequency- 
modulated cyclotron * It uses a single 
dee, instead of two dees as in the con¬ 
ventional cyclotron,! the oscillating 
potential being applied between it and 
a ground connection. Every time a 
charged particle enters or leaves the 


speed increases. A 200-Mev deuteron 
or a 400-Mev alpha particle has a 
speed of about 1.4 X 10 ,n cm. per sec., 
or about 0.47 times the velocity of 
light. It follows, therefore, from equa¬ 
tion (3,8) that the mass is 1.14 times, 
or 14 per cent greater than, the rest 
mass at low energies. The frequency 


* In the Russian literature, it is called a phasotron because it utilizes the principle of 
phase stability. r 

t It may be mentioned that the 11-inch cyclotron, which was the first to produce useful 
accelcnu ion, also had only one dee (Fig. 9.7). As a general rule, one dee electrode can be 
used when the applied potential is not too high; the other terminal of the oscillator is then 
grounded. 
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of the oscillator must consequently de¬ 
crease in the same proportion if the 
charged particles are to be kept in 
phase with the alternating potential 
which causes the acceleration. 

9.73. It is apparent from equation 
(9.2) that the time for a charged par¬ 
ticle to traverse the dee does not de¬ 
pend solely on the mass m, but rather 
on the ratio of the mass m to the 
charge e of the ion. This ratio has the 
same value for deuterons (m = 2, 
e = 1) as for alpha particles (m = 4, 
e = 2); hence with a given oscillator, 
the same frequency modulation can be 
used for both of these ions. For this 
reason, the Berkeley synchrocyclotron, 
which went into operation in Novem¬ 
ber 1946, was at first employed for the 
acceleration of deuterons to 190 Mev 
and alpha particles to 380 Mev. But 
early in 1949, the completion of a new 
oscillator, with a dual frequency 
range, made it possible to obtain high- 
energy (350 Mev) protons, in addi¬ 
tion. Some years later, the 184-inch 
magnet was rebuilt, in order to in¬ 
crease the strength of the magnetic 
field, so that in 1957 protons of 730- 
Mev energy were produced. Following i 
the successful operation of the Univer¬ 
sity of California synchrocyclotron, 
about twelve others were constructed 
in various parts of the world. One in 
Russia has a magnet about the same 
diameter as that in Berkeley but 
weighs 7000 tons; it can yield protons 
having 680-Mev energy. 

9.74. There is a difference between 
the output of a cyclotron and that of 
a synchrocyclotron which is worthy 
of mention. In the former the flow of 
accelerated ions is regarded as con¬ 
tinuous, although it actually consists 
of a series of pulses corresponding to 
each half-cycle of the oscillating po¬ 
tential. For a frequency of 10 million 
cycles per second there would thus | 


be 20 million pulses in this time inter¬ 
val. In the synchrocyclotron, however, 
I a pulse of ions is carried from the ion 
source at the center to the periphery 
of the dee as the frequency of the os¬ 
cillating potential is decreased from its 
initial to its final value. The frequency 
then returns to its original value and 
another pulse of ions is carried from 
the source to the periphery, and so on. 
The rate at which ion pulses are pro¬ 
duced depends on the speed of rota¬ 
tion of the condenser controlling the 
oscillating potential. The high-energy 
protons are produced in bursts of 60 to 
300 per second, the duration of each 
pulse being about one ten-thousandth 
part (10~ 4 ) of a second. Because the 
pulses are of such short duration, the 
average ion current from a synchro¬ 
cyclotron is quite small. 

The Betatron 

9.75. For certain purposes, such as 
the production of penetrating X-rays 
of high energy, it is desirable to ob¬ 
tain beams of energetic electron^. Both 
the voltage multiplier (§ 9.36) and the 
Van de Graaff electrostatic generator 
(§ 9.39) can be used to accelerate elec¬ 
trons, but the energies are limited to 
a few million electron volts. The lin¬ 
ear type of accelerator, mentioned in 
§ 9.51, however, can produce electrons 
of much higher energies. 

9.76. The cyclotron, on the other 
hand, cannot be readily adapted to 
yield electrons of high energy because 
of the large relativistic increase of 
mass at fairly low energies. This hap T 
pens because the rest mass of the elec¬ 
tron is very small, compared with that 
of a proton or a deuteron; hence it 
must attain a much higher speed in 
order to carry the same amount of 
kinetic energy. At 1 Mev energy, the 
speed of an electron is more than nine- 
tenths of the speed of light and the 
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relativistic mass is 2.5 times as great 
as the rest mass. In its present form 
even the synchrocyclotron could not 
be easily adapted to make allowance 
for such large increases of mass. 

9.77. The idea of using magnetic 
induction to accelerate electrons was 
considered by R. Wideroe in Germany 
in 1928, and by E. T. S. Walton in 
England in 1929, but their attempts 
to put it into practice were not suc¬ 
cessful. In 1936, the German physicist 
M. Steinbeck secured a patent for an 
induction instrument with which he 
claimed to have obtained electrons of 
1.8 Mev energy, although the beam 
intensity was admittedly small. The 
first successful induction accelerator 
with an appreciable output of electrons 
was designed and constructed by D. W. 
Kerst in the United States in 1940. To 
this he gave the name betatron , because 
it was used for electrons which are, of 
course, identical with beta particles 
(§ 2.104). The first betatron gave elec¬ 
trons with 2.3 Mev energy, but this 
was soon followed by one yielding 20- 
Mev electrons, constructed by Kerst 
in conjunction with the General Elec¬ 
tric Company at Schenectady, N. Y. 
Subsequently, the latter organization 
constructed a 100-million volt instru¬ 
ment; this was completed in 1943, al¬ 
though details of its operation were 
not released until 1945. Several other 
betatrons have since been built for 
various purposes, with energies up to 
300 Mev. It is claimed that for ener¬ 
gies below about 100 Mev, the beta¬ 
tron is the simplest and most reliable 
type of electron accelerator. 

9.78. The action of the betatron is 
based on the same fundamental prin¬ 
ciples as that of the familiar trans¬ 
former in which an alternating cur¬ 
rent, applied to a primary coil, induces 
a similar current, usually with a higher 
or lower voltage, in the secondary 


Chap. IX 

windings. The effect is due essentially 
to the production by the alternating 
primary current of a time-variable 
magnetic field which, in turn, induces 
an oscillating current, that is, an os¬ 
cillatory flow of electrons, in the sec¬ 
ondary coil. In the betatron the sec¬ 
ondary is an annular, i.e., ring-shaped, 
evacuated glass tube, often referred 
to, for obvious reasons, as the “dough¬ 
nut,shown in section at AA in Fig. 
9.10. This is placed between the poles 



Fig. 9.10. Schematic sectional diagram of 
a betatron. 

of a specially shaped electromagnet B, 
energized by alternating, pulsed cur¬ 
rent passing through the coils CC . 
One purpose of this magnet is to pro¬ 
duce a strong field in the central space 
or “hole” of the doughnut, and hence 
it is constructed with a large amount 
of iron in the core. Electrons are pro¬ 
duced from a heated filament, and 
these are given a preliminary accelera¬ 
tion by application of an electric field 
having a potential difference of 20,000 
to 70,000 volts. Even with the com¬ 
paratively low energies thus acquired, 
the electrons travel at very high 
speeds, from one fifth to nearly one 
half the velocity of light. 

9.79. The variation with time of the 
magnetic field strength, in a single 
cycle of the alternating current which 
energizes the magnet, may be repre¬ 
sented by the sine-wave curve in Fig. 
9.11. As the field strength starts to 
increase, i.e., near the point O, the 
partly accelerated electrons arc in¬ 
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jected into the doughnut. The effect of 
the growing magnetic field in the cen¬ 
tral space is to induce an electromotive 
force, or voltage, within the doughnut, 
which increases the energy of the mov¬ 
ing electrons. Since they are traveling 
in a magnetic field, the electrons are 
forced into a curved path, but instead 
of being a spiral, as in the cyclotron, 
the increasing magnetic field keeps 
them moving in a circle of constant 
radius. Reference to equation (9.1) 
will show that this is possible provided 
the field strength H grows proportion¬ 
ately to the increase in the product of 
the mass m and the velocity v , i.e., to 
the increase in the momentum, of the 
electrons. Thus, the electrons are kept 
moving around the doughnut in a 
fairly stable, circular path, energy be¬ 
ing acquired in each lap or turn. 

9.80. When the field strength has 
reached the point P in Fig. 9.11, where 



Fig. 9.11. Single cycle of sine-wave varia¬ 
tion of magnetic field used in the betatron. 

it ceases to increase and will subse¬ 
quently decrease, a pulse of current 
is sent through an auxiliary coil which 
suddenly changes the magnetic field. 
As a result the high-energy electrons 
are displaced from their stable path 
and fall on a target, for the produc¬ 
tion of X-rays (bremsstrahlung), or 
the electron beam may be made to 
leave the apparatus and used for other 
purposes. 


, 9.81. If the electrons had not been 

removed at the point P, the decreasing 
magnetic field from this point on would 
have induced an electromagnetic force 
in the opposite direction to that act¬ 
ing between O and P. This would 
have the effect of slowing down the 
previously accelerated electrons. Con¬ 
sequently, only the first quartet of the 
cycle is actually used for acceleration 
purposes, injection of electrons being 
always made at the point O, whereas 
removal occurs at P in each cycle. 

9.82. A simple calculation will show 
how it is possible for the betatron to 
produce electrons with very high en¬ 
ergies. As seen above, the electrons 
when introduced into the ddughnUt 
are already moving with speeds ap¬ 
proaching that of light, and'this'is 
further increased as the elections ac¬ 
quire additional energy. It may be 
assumed, therefore, that the average 
speed of the electrons between injec¬ 
tion and removal is two-thirds the 
velocity of light, i.e., 2 X 10 10 cm. per 
sec. The diameter of the circular path 
within the doughnut of a large beta¬ 
tron may be taken as 300 cm., so that 
the electrons will travel this path 
roughly 2 X 10 10 /300, i.e., 6.7 X 10 7 
times per second. 

9.83. If the frequency of the alter¬ 
nating current used for the magnetic 
field is 60 cycles per second, the time 
for one cycle is 1/60 sec.; hence, the 
quarter cycle from O to P, during 
which the electrons are accelerated, 
lasts roughly 1/240 sec. During this 
period the electrons make ,6.7 X 
10 7 /240, i.e., 280,000 turns of the cir¬ 
cular path in the doughnut. If the elec¬ 
trons acquire an average of 250 ev 
of energy in each turn, due to the 
electromotive force produced by the 
magnetic field changing with time, 
they will have a total energy of about 
70 Mev. 
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9.84. In the General Electric 100- 
million volt betatron, the diameter of 
the doughnut is about 180 cm. and the 
magnet weighs 135 tons. The electrons 
travel around the doughnut 250,000 
times, covering a distance of about 
900 miles, between injection and re¬ 
moval, and gaining 400 ev of energy 
at each turn. The 100-Mev electrons 
have a velocity which is more than 
99.99 per cent of the speed of light, 
and their relativistic mass is nearly 
200 times the rest mass. 

9.85. Since the operation of the 
betatron is unaffected by the increas¬ 
ing mass of the electron as it gains en¬ 
ergy, it at first appears that extremely 
high energies might be obtainable by 
means of this device. However, it has 
been shown theoretically that a 
charged particle, such as an electron, 
moving in a circle, as it does in the 
doughnut of the betatron, will lose 
some of its energy in the form of ra¬ 
diation. The effect of this phenomenon, 
which was confirmed experimentally 
in the General Electric Research Lab¬ 
oratory in 1947, is to set a limit to the 
energy which the gyrating electrons 
can acquire. The energy lost in each 
turn of the circular path is propor¬ 
tional to E 4 /r, where E is the energy 
of the electron and r is the radius of 
the path; hence the amount lost in¬ 
creases very rapidly as the energy E 
becomes larger. Eventually, the elec¬ 
tron loses just as much energy in the 
form of radiation as it gains from the 
electromotive force due to the time¬ 
changing magnetic field in each turn 
around the doughnut.* 

9.86. Two possibilities present them¬ 
selves for minimizing the loss of en- 
ergy by radiation. Since this is deter¬ 
mined by 2J 4 /r, one solution to the 
problem is to employ a larger dough- 
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nut, so that the radius r of the electron 
path may be increased. The other 
measure which could be taken is to 
decrease the number of turns the elec¬ 
trons make between injection and re¬ 
moval, by altering the magnetic field 
so as to permit the acquisition of a 
greater amount of energy in each turn. 
The largest instrument based on these 
principles, and employing a magnet 
weighing 1000 tons, was constructed 
by Kerst, the inventor of the betatron, 
at the University of Illinois. It yields 
electrons with 300 Mev energy. 

The Electron Synchrotron 

9.87. An alternative, and in many 
ways simpler, procedure for conferring 
high energies upon electrons is to 
make use of the synchrotron principle, 
enunciated independently in 1945 by 
Veksler and by McMillan, as men¬ 
tioned in § 9.70. The first practical 
application of the idea is claimed by 
F. K. Goward and D. E. Barnes, in 
England, who in 1946 converted a 
4-Mev betatron to yield 8-Mev elec¬ 
trons. Shortly thereafter, in 1947, H. 
C. Pollock and W. F. AVestendorp of 
the General Electric Company de¬ 
signed and built a machine combin¬ 
ing the action of both betatron and 
synchrotron. It produced electrons of 
70 Mev energy, although the magnet 
weighed only 8 tons, as compared 
with 135 tons of the 100-Mev beta¬ 
tron. A somewhat similar device, ca¬ 
pable of yielding 330-Mev electrons, 
was built in 1947 by McMillan in the 
Radiation Laboratory at Berkeley, 
California, and several others with 
about the same energy, have been con¬ 
structed since that time. The highest 
energy attained in an electron syn¬ 
chrotron is 1200 Mev, which is 
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♦This limitation does not apply to the linear electron-accelerator (19.51), since the elec¬ 
tron does not lose energy by radiation when moving in a straight line. 
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believed to be as high as is practical 
with this instrument. 

9.88. Although electron synchro¬ 
trons vary in their detailed character¬ 
istics, the following description, which 
applies to the Berkeley instrument in 
particular, may be taken as fairly 
typical. It consists of an evacuated 
annular tube, or doughnut, shown in 
plan A in Fig. 9.12, between the poles 



Fig. 9.12. Diagrammatic plan of portion 
of a synchrotron. 

of a magnet energized by alternating 
(pulsed) current, as in the betatron. 
But, in the electron synchrotron the 
magnet has cylindrical, i.e., ring- 
shaped, poles, and it does not extend 
into the central space or hole of the 
doughnut. For this reason, the syn¬ 
chrotron magnet is much lighter than 
that of a betatron having the same 
energy output.* In place of the central 
portion of the magnet, there are a 
small number of iron bars B, called 
flux bars , which serve an equivalent 
purpose, but only to a limited extent. 
In addition, the interior of one of the 
eight segments, of which the dough¬ 
nut is constructed, is coated with cop¬ 
per C, leaving a narrow gap G, near 
one end, to form what is known as a 
resonant cavity. A grounded oscillator, 
producing an alternating potential of 
3000 volts maximum, at the constant 


high frequency of 47.7 million cycles 
per second, is connected to C. When 
the oscillator is turned on, a charged 
particle receives approximately 2000 
ev of energy each time it passes the 
accelerating gap, provided it is in 
phase with the oscillations. 

9.89. In the operation of the syn¬ 
chrotron, electrons produced by a 
heated tungsten wire are injected into 
the doughnut after being given a pre¬ 
liminary acceleration by means of an 
electrostatic field of about 90,000 volts. 
Due to the action of the increasing 
magnetic field, the electrons travel in 
a circular path, and the change with 
time of the field through the flux bars 
induces an electromotive force witliin 
the doughnut which adds energy to 
the electrons, just as in the betatron. 
However, the number of flux i bars is 
such that when the energy of the elec¬ 
trons has reached about 2 Mev, the 
bars have become magnetically sat¬ 
urated, and are no longer able to in¬ 
duce an electromotive force; betatron 
operation then ceases. 

9.90. At this point, the constant 
high-frequency, oscillating potential is 
applied to the resonant cavity C, and 
synchrotron action commences. Addi¬ 
tional energy is now acquired by the 
electrons each time they pass the ac¬ 
celerating gap G. If the potential ap¬ 
plied to C operates at the proper 
frequency, as will be described shortly, 
the electrons are kept in phase and 
receive an increment of energy in each 
revolution. These increments are larger 
than those in the betatron, and so the 
electrons can acquire a higher energy 
in the same (or smaller) number of 
turns. 


™ =c L 30 °' MeV . "? nferr ? ma « n ? t 'r synchrotron, m which the magnetic field is produced by 
passing current through specially designed coils, has been oOnstTUcted by the General 
Electric Company m cooperation with the Office of Naval Research. It requires very large 
cun rents and the mechanical forces on the coils are so great that they must be rigidly 
dumped. Tins type of electron accelerator is probably most economical in the 100-Mev 
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9.91. At 2 Mev energy, when syn¬ 
chrotron operation is initiated, the ve¬ 
locity of the electrons is already 97.9 
per cent of that of light. Since they 
cannot exceed, or even attain, the 
speed of light, it is evident that the 
subsequent increase of velocity cannot 
be more than about 2 per cent. Conse¬ 
quently, as the energy of the electrons 
is increased from 2 Mev to 300 Mev 
or more, their speed remains virtually 
constant. At the same time, the in¬ 
creasing magnetic field keeps the elec¬ 
trons moving in a circular path of 
constant radius, in spite of their in¬ 
creasing energy or momentum, as ex¬ 
plained in § 9.79. Since the size of the 
orbit and the speed of the electrons 
remain essentially unchanged, it fol¬ 
lows that the frequency with which 
they revolve around the doughnut 
stays constant. In order to utilize the 
principle of phase stability, which is a 
significant aspect of synchrotron ac¬ 
tion, it is necessary that the oscillating 
potential applied to the resonant cav¬ 
ity C should have constant frequency, 
equal to the frequency of revolution 
of the electrons. As a result, the elec¬ 
trons are kept rotating within the 
doughnut, gaining energy in each rev¬ 
olution. 

9.92. It can be seen from equation 
(9.1) that if the velocity v of the elec¬ 
trons and the radius r of their path 
are both constant, the effective mass 
m will increase in proportion to the in¬ 
crease of H } the magnetic field 
strength. An increase in the mass 
means, of course, a gain in energy, 
since the speed is almost constant. In 
the synchrotron, the betatron function 
ceases and synchrotron action com¬ 
mences when the magnetic field 
strength is 80 gauss*; the field 
strength continues to increase to 
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10,000 gauss before the electrons are 
finally deflected from their path. Since 
the magnetic field increases by a fac¬ 
tor of about 125, the effective mass of 
the electrons will be increased pro¬ 
portionately. At 2-Mev energy, the 
mass of an electron is five times the 
rest mass, and hence the electrons 
leaving the synchrotron will have a 
mass 625 times the rest mass, which 
corresponds to an energy of about 330 
Mev. It will be observed that in the 
later stages, the synchrotron functions 
as a ponderator (§ 9.69 footnote), 
rather than as an accelerator; it is the 
electron mass, not the velocity, that 
increases appreciably, as the particle 
gains energy. 

9.93. Just before the magnetic field 
has reached its maximum intensity, 
and the electrons have acquired their 
maximum energy, the oscillating po¬ 
tential is turned off. Since the mag¬ 
netic field continues to increase, while 
the energy and mass of the electrons 
remain constant, the radius of the path 
must decrease [cf. equation (9.3) ]. As 
a result the electrons travel in an orbit 
of gradually diminishing radius, so 
that they strike a target projecting 
from the inner edge of the doughnut. 
This leads to the production of highly- 
penetrating, i.e., short wave length, 
X-rays (bremsstrahlung) of equiva¬ 
lent energy. Since these rays are not 
affected by the magnetic field, they 
travel in a straight line from the tar¬ 
get through the walls of the appara¬ 
tus. 

9.94. In the 300-Mev electron syn¬ 
chrotron designed by H. R. Crane and 
D. M. Dennison, at the University of 
Michigan, the doughnut is not circu¬ 
lar, but consists of four quadrants con¬ 
nected by short straight pieces. The 
purpose of this design is to simplify 


* The gauss is the unit of intensity, or strength, of magnetic field in the c.g.s. system of 
units. 
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construction of the magnet, which is 
made in four sections corresponding 
to the four quadrants. Further, the 
straight portions are used for injection 
and removal of the electron stream, 
and for application of the high-fre¬ 
quency, alternating potential in re¬ 
gions outside the magnetic field. In 
this synchrotron there is no initial 
betatron operation, so that the mag¬ 
net, which is energized by alternating 
(pulsed) current, merely surrounds 
the four quadrants and does not ex¬ 
tend into the central region; in addi¬ 
tion, the flux bars are not necessary. 
The high-frequency, alternating po¬ 
tential is applied immediately upon 
injection of the electrons, but, in order 
to maintain them in phase in a cir¬ 
cular orbit, the frequency is modu¬ 
lated until they attain a velocity ap¬ 
proaching that of light. At this point 
the frequency is held constant and the 
mass, and energy, then increase with 
the increasing magnetic field, while 
the electrons gyrate in a path of con¬ 
stant radius, as in other synchrotrons. 
It will be apparent that the Michigan 
synchrotron combines the accelerating 
action of the synchrocyclotron 
adapted to a circular path, in the 
earlier stages, with the ponderating 
function of the synchrotron, in the 
later stages. 

9.95. In concluding this section, it 
may be noted that all forms of beta¬ 
tron and electron synchrotron operate 
in pulses. Since the magnets are us¬ 
ually energized at a frequency of 60 
cycles per sec., the output is pulsed at 
this same frequency. 

The Proton Synchrotron 

9.96. Every extension in the energy 
range of charged particles used for 


experiments with atomic nuclei has 
usually been accompanied by the dis¬ 
covery of new phenomena, some of 
them expected, others unexpected. In 
the late 1940s, when the most ener¬ 
getic particles available had energies 
of 350 to 400 Mev, attention was 
turned to the possibility of attaining 
energies of thousands of Mev, i.e., in 
the billion electron volt (or Bev) 
range.* A cyclotron capable of con¬ 
ferring billions of electron volts in en¬ 
ergy on positive ions would have to 
be considerably larger than the al¬ 
ready enormous 184-inch machine 
with its 4000-ton magnet. To build 
even larger synchrocyclotrons, there¬ 
fore, did not appear to be a very prac¬ 
tical approach. Because electrons of 
high energy revolving in an orbit con¬ 
tinuously radiate energy, as? men¬ 
tioned in § 9.85, it appears unlikely 
at present that any form of betatron 
or electron synchrotron will produce 
energies much in excess of 1 Bev. In 
principle, a linear (traveling wave) 
accelerator capable of producing elec¬ 
trons with energies of billions df elec¬ 
tron volts is possible, but it has been 
estimated that a tube 2 miles long 
would be necessary for an energy of 
10 Bev. 

9.97. The idea of using a ring- 
shaped magnet for a positive-ion ac¬ 
celerator, somewhat similar to that 
employed in the electron synchrotron, 
with a varying magnetic field and 
frequency modulation was proposed 
by M. L. E. Oliphant in Great Britain 
in 1943, although the details were not 
published until 1947. The same possi¬ 
bility was studied independently by 
W. M. Brobeck in Berkeley in 1946. 
From these considerations came the 
next development in the field of parti- 


•Beenuw the form “billion" does not have the same significance in nil countries, the 
symbol (U v (or GeV) is generally employed in Europe. This is an Abbreviation for Giga- 
elerimn volt, derived from the Greek (and Latin) word {jignu meaning giant. 
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cle accelerators, namely, the proton 
synchrotron, capable of attaining en¬ 
ergies of several billion electron volts 
without the use of unreasonably heavy 
magnets. 

9.98. The choice of protons for the 
particles was largely determined by 
the fact that they can acquire very 
high energies without losing appreci¬ 
able amounts by radiation as do elec¬ 
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than the cyclotron, where the path is 
a spiral, means that the magnet can 
be much lighter in proportion. In the 
cyclotron, the magnetic field must 
cover the whole of the region in which 
the particles spiral around; conse¬ 
quently, the pole faces must be large. 
In the synchrotron, on the other hand, 
a ring-shaped magnet surrounding an 
annular tube or doughnut is all that is 



Fig. 9.13. The Bevatron at the University of California Radiation Laboratory. 


trons. The loss of energy of a charged 
particle per revolution is proportional 
to E*/r, as stated in § 9.85, but it is 
also inversely proportional to the 
fourth power of the rest mass of the 
particle. Since the mass of the proton 
is nearly two thousand times that of 
an electron, the energy loss at 6 Bev 
will be quite negligible for protons. 

9.99. The decision to use the syn¬ 
chrotron principle for acceleration, so 
that the particle moves in a circular 
path of almost constant radius, rather 


required. Thus, protons of 3-Bev en¬ 
ergy have been produced in a synchro¬ 
tron with a magnet containing only 
2000 tons of steel, compared with the 
3700 tons of the Berkeley cyclotron. 

9.100. Several proton synchrotrons 
have been (or are being) constructed. 
In order of increasing energy, five are 
of interest: (1) The one at Birm¬ 
ingham, England, which reached 1 
Bev in July, 1953. (2) The Cosmotron, 
so called because the energies attained 
are of the same order as the primary 
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particles in cosmic rays, at the Brook- 
haven National Laboratory, Long 
Island, New York. It was operated 
at 2.3 Bev in June, 1952, later in¬ 
creased to 3 Bev, and was the first 
accelerator to reach the billion elec¬ 
tron volt mark. (3) The Radiation 
Laboratory (Berkeley) Bevatron 
shown in Fig. 9.13, which produced 
4.9-Bev protons in March, 1954 and 
was later raised to 6.2 Bev. (4) An 
instrument, designed for protons of 


be attained with an accelerator of pro¬ 
portionately smaller diameter. 

9.101. In its general (iron magnet) 
form, and in fact in its principle of 
operation, the proton synchrotron is 
similar to the Michigan electron syn¬ 
chrotron, described earlier. There are 
four quadrants joined by straight 
pieces, as represented diagrammatic- 
ally in Fig. 9.14, I. In the Cosmotron, 
for example, the external radius of the 
quadrants is about 35 feet and the 



Fig. 9,14. Schematic drawing of a proton synchrotron. 


10 Bev energy, completed in Russia 
during 1957. (5) Finally, an 11-Bev 
accelerator is being constructed at 
Canberra, Australia. The first four of 
these proton synchrotrons have steel 
(iron) magnets, but the last has been 
designed to use an air-cored magnet. 
With a steel core, the magnetic field 
strength is restricted by saturation 
effects to a maximum of about 20,000 
gauss (or less); on the other hand, 
with an air core, it is hoped to reach 
80,000 gauss, the limitation being set 
by the tremendous forces on the cur¬ 
rent-carrying coils (see §9.88, foot¬ 
note). With this stronger magnetic 
field, the samo proton cnorgy should 


connecting pieces are about 10 feet 
long. The elliptical (or flattened) 
cross section of the doughnut DD is 
indicated in Fig. 9.14, II, which also 
shows the C-shaped cross section of 
the magnet, MM. The latter consists 
of a large number of plates surround¬ 
ing only the quadrants of the dough¬ 
nut, alternating (pulsed) current be¬ 
ing used for energizing purposes. The 
protons, previously accelerated to 3.5 
to 4 Mev in a horizontal van de Graaff 
machine in the Cosmotron and to 10 
Mev in a linear accelerator in the 
Bevatron, are injected at A , in one of 
the straight portions of the doughnut. 
After having their energy increased, 
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as a result of many rotations, the 
protons are removed by a deflector 
at B. Injection and removal thus take 
place outside the magnetic field. 

9.102. The accelerating device C, 
equivalent to the dee of the cyclotron 
or the resonant cavity C (Fig. 9.12) 
of the electron synchrotron, is also 
inserted in one of the straight por¬ 
tions, outside the influence of the mag¬ 
net. A high-frequency voltage is ap¬ 
plied at the accelerating electrodes, so 
that the protons receive an increment 
of energy of about 1000 volts (or more) 
in each revolution. After making three 
or four million revolutions in the 
doughnut, the protons will have trav¬ 
eled a total distance of several hun¬ 
dred thousand miles and will have 
acquired energies of the order of bil¬ 
lions of electron volts. 

9.103. In order to keep the protons 
moving in a circular path of essen¬ 
tially constant radius, the field 
strength of the magnets is increased, 
as in the electron synchrotron. Since 
a proton does not attain a velocity 
within a few per cent of that of light 
until its energy is about 3 Bev, it is 
apparent that up to this point allow¬ 
ance does not have to be made for the 
steadily increasing speed with which 
the charged particles gyrate, as the 
strength of the magnetic field grows. 
The time required for the protons to 
make one turn of the doughnut 
gradually decreases so that the num¬ 
ber of turns per unit time, i.e., the 
frequency of revolution, increases cor¬ 
respondingly. To maintain the condi¬ 
tion of phase stability, which is essen¬ 
tial for proper synchrotron action, 
the frequency of the high-frequency 
alternations applied to C is increased 
in the same manner. The rate at which 
the frequency is changed must be very 
accurately coordinated with the in¬ 
creasing magnetic field so that the 
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particles maintain an orbit of constant 
radius. 

9.104. The frequency is increased 
fairly rapidly at first, as the protons 
gain speed, but the rate is slowed 
down and the frequency becomes al¬ 
most constant toward the end of their 
passage, as the speed approaches that 
of light. The period during which the 
magnetic field strength increases, and 
the frequency of the oscillations ap¬ 
plied to C increases correspondingly, 
lasts a second or two. There is then a 
short delay to permit the magnet 
to recover, followed by another period 
in which the protons gain energy. The 
output of a proton synchrotron thus 
consists of a series of pulses at inter¬ 
vals of about five or six seconds. The 
intensity of the emergent beam, as 
measured by the total number of pro¬ 
tons present, is not large, and the 
voltage, although high, is not very 
uniform. These properties are also 
characteristic of the electron synchro¬ 
tron. A convenient feature of the pro- 
tron synchrotron is that, by suitable 
adjustment of the ejector 5, the beam 
can be removed at (approximately) 
any desired energy for particular ex¬ 
periments. 

The Alternating Gradient 
Synchrotron 

9.105. One of the purposes of ac¬ 
celerating protons (or other nuclei) to 
higher and higher energies is to create 
new particles, by the conversion of 
energy into mass. However, because 
of the necessity that momentum 
should be conserved, not all the energy 
is available for particle formation. For 
example, the creation of a proton-anti¬ 
proton pair or of a neutron-antineu¬ 
tron pair, having a total mass of just 
over 2 a.m.u., should require roughly 
2 X 931, or 1900 Mev, i.e., 1.9 Bev 
(§ 9.96). For this amount of energy to 
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be available, the original accelerated 
proton would need to have about 6 
Bev. The Berkeley Bevatron was de¬ 
signed to produce protons of such 
energy, and one of its purposes was 
the creation of the antiproton and 
antineutron. As seen in Chapter II, 
this objective has indeed been 
achieved. 

9.106. In order to provide useful in¬ 
formation concerning nuclear struc¬ 
ture and nuclear forces, the next en¬ 
ergy stage for proton accelerators 
should be about 25 to 30 Bev. A syn¬ 
chrotron capable of achieving this 
energy would require a magnet con¬ 
taining some 100,000 tons of iron, and 
the size and cost of the instrument 
would be prohibitive. In order to un¬ 
derstand why such a large magnet is 
required, it is necessary to consider 
the nature of the path of the protons 
as they revolve in the doughnut¬ 
shaped chamber. It has been tacitly 
assumed earlier that the path is cir¬ 
cular; actually, due to various minor 
fluctuations, the protons deviate to 
some extent about this circular path, 
and the amplitude of the deviations, 
i.e., the extent of departure from the 
circular path, increases with the en¬ 
ergy acquired by the particles. The 
cross-sectional dimensions of the 
doughnut are determined by the area 
required to contain these deviating 
protons without touching the walls, 
and so the cross section will increase 
as the protons are accelerated to 
higher energies. Since the magnetic 
field must include the whole doughnut, 
as indicated above, the result is that 
the size (and mass) of the magnet 
needed is greatly increased. 

9.107. A possible solution to this 


problem was to find a means of im¬ 
proving the normal, but small, focus¬ 
ing effect exerted by the magnet in a 
synchrocyclotron. If the straying of 
the protons (or other charged parti¬ 
cles) from the ideal circular path 
could be restricted, by an improved 
focusing system, the doughnut vessel 
required to contain them would;have a 
small cross-sectional area. The size of 
the magnet required in a machine to 
produce protons of a certain energy 
could then be decreased. Alternatively, 
for the same weight of iron, the mag¬ 
net (and doughnut) could have a 
much larger diameter, .thus permitting 
protons of higher energy to be ob¬ 
tained. 

9.108. A suggested method for 
achieving “strong focusing” was pub¬ 
lished in 1952 by E. D. Couran|, M. S. 
Livingston and H. S. Snyder of Brook- 
haven National Laboratory, based on 
the use of magnetic fields with alter¬ 
nating gradients.* It was shown that, 



Fig. 9.15. Principle of alternating gra¬ 
dient synchrotron. 


by the application of a succession of 
alternate focusing and defocusing 
magnetic fields to a charged particle 
rotating in an orbit, the result is a 
strong net focusing effect. Suppose the 
alternate sections of the synchrotron 
magnet had their pole piece shaped as 
shown in Figs. 9.15, I and II. In the 


♦The same principle was enunciated in an article printed privately in 1950 in Athens, 
Greece, by a Boston-born, Greek electrical engineer, N. Christofilos, and an application was 
fileil for h U. 8. patent. The idea hud been communicated to the Radiation Laboratory. 
Biakelcy, but Urn scientists there were unable to follow the unorthodox mathematical 
approach lined to expluin it. 
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first case (Fig. 9.15, I), with the 
magnetic field strength decreasing 
from the inner to the outer edge of the 
doughnut, the beam of charged par¬ 
ticles tends to converge (or be 
focused) in the vertical plane, while 
there is a tendency for divergence 
(defocusing) to occur in the hori¬ 
zontal plane. In the adjoining section, 
where the magnet is as indicated in 
Fig. 9.15, II, the gradient of the mag¬ 
netic field is in the opposite direction, 
increasing from inner to outer edge. 
Now, there is defocusing in the verti¬ 
cal plane but focusing in the hori¬ 
zontal plane. If this alternation of 
magnetic field gradients is continued 
around the whole doughnut, the net 
result is a strong focusing effect, i.e., 
a marked decrease of the deviation of 
the particle beam from the ideal cir¬ 
cular path. 

9.109. The application of the alter¬ 
nating gradient concept to an actual 
synchrotron design involves a number 
of difficult theoretical and practical 
problems. Nevertheless, it is believed 
that these can be overcome and plans 
are being made for the construction of 
such an instrument at Brookhaven 
capable of accelerating protons to en¬ 
ergies of 25 or 35 Bev. This energy 
region was chosen because it was felt 
that it would represent the best com¬ 
promise between scientific usefulness 
and cost. In the proposed design, the 
radius of the (approximately) circular 
doughnut will be about 500 feet. The 
strong focusing should lead to the con¬ 
finement of the protons within a region 
that is 2 inches wide and 1 inch high. 
The magnet, weighing less than 4000 
tons, which is roughly the mass of the 
3-Bev Cosmotron magnet, will be 
divided into 240 sections, each 7 feet 
long. Between the magnet sections will 
be field-free portions, 2 to 5 feet long, 
in which accelerating units, correction 
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(magnetic) lenses and other equip¬ 
ment will be located. Protons will be 
injected from a 50-Mev linear ac¬ 
celerator at regular intervals, just as 
in the more conventional synchrotron. 
However, additional energy will be 
applied, by variable high-frequency 
potentials, at several points in the 
path of the protons, instead of at one 
point as in the Cosmotron, etc. 

9.110. An alternating-gradient 25- 
Bev proton synchrotron, similar to the 
Brookhaven machine, has been de¬ 
signed independently by the scientists 
of the eleven-nation European Council 
for Nuclear Energy (CERN). It is to 
be built in the Council's laboratories 
near Geneva, Switzerland, with com¬ 
pletion scheduled for 1960. Other 
strong-focusing synchrotrons have 
been designed, although it is not yet 
certain whether these will be built or 
not. The principle is adaptable to 
charged particles other than protons, 
and its feasibility has been proved in 
an electron synchrotron. 

9.111. From time to time, various 
ideas, some fanciful and others more 
realistic, have been proposed for at¬ 
taining energies of many billions of 
electron volts. One of the most prac¬ 
tical possibilities is based on the use of 
two intersecting beams of accelerated 
particles. It has been estimated that 
the energy available for the creation 
of matter in a head-on collison be¬ 
tween two 15-Bev protons is equiva¬ 
lent to that of a 500-Bev proton strik¬ 
ing a stationary target. The difficulty 
of realizing this effect lies in the fact 
that high-energy accelerators, such as 
synchrotrons, operate in pulses, so that 
the charged-particle (ion) currents are 
very small (§ 9.104). Hence, collisions 
among the particles in two such inter¬ 
secting beams would be rare. 

9.112. A possible solution to the 
problem of obtaining large ion cur¬ 
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rents has been worked out, and is 
being tested, in the United States by 
members of the cooperative organi¬ 
zation for research in high-energy 
nuclear physics called the Midwestern 
Universities Research Association 
(MURA). This new idea is called the 
Fixed Field Alternating Gradient 
(FFAG) principle. It differs from the 
synchrotron in using a fixed (or 
steady) magnetic field, but with 
shaped pole pieces, so that the field 
strength increases rapidly from the 
inner to the outer edge of the dough¬ 
nut. Because the field is steady, pro¬ 
tons can be injected continuously (or 
in rapid successive pulses), instead of 
at intervals, as is necessary with an 
alternating magnetic (synchrotron) 
field. Hence, larger ion currents are 
possible. As a result of the strong 
gradient in the magnetic field, the 
injected protons spiral outward, from 
the inner to the outer edge of a wide 
doughnut, acquiring energy in each 
revolution. By the use of the alter¬ 
nating gradient principle, it is believed 
that the high-energy protons can be 
“stored" near the outer edge of the 
doughnut until ion currents of ap¬ 
preciable strength can be built up. 
With two such currents, circulating in 
opposite directions, from two separate 
accelerators, the number of very high- 
energy collisions should be large 
enough to lead to significant results. 

Acceleration of Heavy Ions 

9.113. Nearly all the work on the 
acceleration of charged particles has 
been done with the lightest elements, 
namely, hydrogen or its isotopes (deu¬ 
terium and tritium) and helium. In 
recent years, however, the acceleration 
of nuclei of heavier atoms, e.g., 
carbon, oxygen and nitrogen, has 
attracted interest for a number of 


reasons (§10.48 et seq.). The accel¬ 
eration of carbon (C +e ) ions to about 
50-Mev energy, by means of the 37- 
inen fixed frequency cyclotron at the 
Radiation Laboratory, Berkeley, was 
reported briefly by L. W. Alvarez in 
1940. Subsequently, carbon ions of 
higher energies, up to about 120 Mev, 
were obtained in the same laboratory 
with the 60-inch cyclotron, but it was 
not until about 1950 or so, that the 
acceleration of heavy particles began 
to attract more general interest. 

9.114. It can be seen from equation 
(9.3) that, provided the oscillatiofi 
frequency is properly' adjusted, the 
energy that can be acquired in a 
cyclotron by a charged particle of 
given mass, for a certain magnetic 
field strength, increases with the 
charge on the particle. To accelerate 
heavy particles, it is desirable, there¬ 
fore, to obtain highly charged ions, 
i.e., atoms which have been stripped 
of all (or nearly all) of their electrons. 
This is difficult to do directly, but ad¬ 
vantage has been taken of the .cyclo¬ 
tron effect to produce such ibns in 
certain cases. For example, if the cy¬ 
clotron frequency is adjusted for N+ 6 
ions, it is possible to accelerate N+? 
ions to a lower energy, by what is 
called the “third harmonic" method, 
in which the rotation frequency is 
one third of the actual cyclotron fre¬ 
quency. The accelerated N+ 2 ions 
then collide with other nitrogen ions 
(or atoms) in the cyclotron tank, with 
the result that completely ionized N +e 
is produced. The acceleration of thesp 
ions in the cyclotron can then lead tb 
high energies. 

9.115. The drawback to the har¬ 
monic method of obtaining highly 
charged (or high-energy) ions is that 
the final beam current is very weak, 
and the energy distribution is far 
from uniform. Although suoh ion cur- 
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rents are useful for some purposes, 
there are experiments for which much 
stronger currents are desirable. One 
approach is to obtain a relatively 
strong source of particular ions, not 
necessarily those with the maximum 
charge, and then to adjust the cy¬ 
clotron frequency so as to accelerate 
these ions to a given energy. For ex¬ 
ample, the 63-inch cyclotron at Oak 
Ridge National Laboratory was de¬ 
signed to accelerate N+ 3 ions to 25 
Mev energy. A fairly strong source of 
these ions is produced by the passage 
through nitrogen gas of a high- 
intensity arc discharge, initiated and 
maintained by electrons emitted from 
a hot tungsten filament. 

9.116. Another approach to the 


Atomic Energy Chap. IX 

problem of obtaining larger ion cur¬ 
rents, being followed at the Radiation 
Laboratory, Berkeley, appears to have 
considerable merit. It makes use of a 
linear (drift-tube) accelerator instead 
of a cyclotron. Ions of low charge are 
first accelerated and used, as described 
above, to cause further ionization, the 
resulting highly charged ions being 
further accelerated. However, since a 
linear accelerator can handle very 
much larger ion currents than a cy¬ 
clotron, the emergent beam should be 
quite strong, although the energies of 
the charged particles may vary con¬ 
siderably. The instrument, called a 
Hilac (for heavy ion linear acceler¬ 
ator) , will be capable of accelerating 
particles as heavy as argon ions. 


Nuclear Transmutation and 
Artificial Radioactivity Chapter X 

TYPES OF NUCLEAR REACTIONS 


The Purpose of Nuclear 
Transmutation Studies 

10.1. Before 1932, when artifically 
accelerated particles were first shown 
to be capable of taking part in nuclear 
reactions, some ten transmutation 
processes were known. These were all 
of the (a#) type, in which the incident 
particle was an alpha particle derived 
from natural sources. The availability, 
in recent years, of various charged 
particles, with energies up to very high 
values, has resulted in the detection 
of a large number of different nuclear 
reactions. Several hundred, involving 
virtually all the known elements, have 
already been identified, and many iriore 
undoubtedly remain to be discovered. 

10.2. In considering the numerous 
investigations of nuclear transmuta¬ 
tion, it is reasonable to ask: What is 
their purpose? There are several 
answers to this question. There is, for 
example, the basic interest in the way 
nuclei react, just as in the science of 
chemistry experiments are made on 
the way atoms interact. Further, the 
study of transmutation processes has 
thrown some light on the problems of 
nuclear structure and nuclear forces, 
and on the onergy states of stable and 


unstable nuclei. Many nuclear re¬ 
actions have led to the production arid 
identification of previously unknown 
isotopes of the naturally occurring 
elements. These isotopic forfns are 
almost invariably unstable and possess 
radioactive properties which have been 
utilized, as will be explained in 
Chapter XVII, to solve many prob¬ 
lems of considerable theoretical and 
practical importance. In addition, nu¬ 
merous isotopes of elements’ which 
do not now exist on the earth have 
been obtained (Chapter XVI). 

10.3. One of the by-products of the 
study of nuclear reactions was the dis¬ 
covery of the neutron (§2.117), and 
it was experiments on transmutations 
made with neutrons that led to the 
totally unexpected and surprising re¬ 
sult that indicated the direction in 
which the release of atomic energy 
could be achieved. Success in this con¬ 
nection alone would have justified all 
the work that has been done in the 
field of transmutation. 

Formation of Compound Nucleus 

10.4. In the investigation of nuclear 
transformation processes the incident 
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particles or projectiles, as they are fre¬ 
quently called, have usually been en¬ 
ergetic protons, deuterons and alpha 
particles accelerated by means of one 
or other of the devices described in the 
preceding chapter. In addition, nu¬ 
merous experiments have been made 
with neutrons as the incident particles. 
High-energy X-rays and, to a minor 
extent, electrons have also been used 
to bring about nuclear transformations. 
The lighter particle ejected in the 
course of a reaction may be a proton, 
deuteron, triton (§10.31 footnote), 
alpha particle, neutron or gamma-ray 
photon. In most cases studied only one 
of these is emitted, but several proc¬ 
esses are known in which two or more 
are expelled. In certain nuclear re¬ 
actions (§ 10.62), as many as twenty 
or thirty nucleons are ejected. 

10.5. Although there are instances 
of exceptional behavior, which will be 
pointed out later, it is probable that 
in the majority of artificially produced 
nuclear transformations the first step 
is the formation of a compound nucleus 
due to the coalescence of the projectile 
with the struck nucleus, frequently re¬ 
ferred to as the target nucleus. The 
compound nucleus is invariably un¬ 
stable, because of its excess energy, 
and consequently it emits one or, occa¬ 
sionally, more particles of high energy 
in an attempt to attain stability. 

10 .6. The formation of a compound 
nucleus in the transmutation of nitro¬ 
gen by alpha particles was established 
by cloud-chamber studies, around 
1925, as reported in § 9.10. Neverthe¬ 
less, for nearly a decade thereafter 
some scientists were of the opinion 
that nuclear disintegrations which did 
not involve capture of the projectile 
by the target nucleus were quite 
common. The general acceptance, at 
the present time, of a compound 
nucleus as an intermediate in most 
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nuclear reactions is largely due to the 
experimental work of W. D. Harkins 
and D. M. Gans in the United States 
in 1935, and to the theoretical con¬ 
siderations of N. Bohr (§ 10.11) in the 
following year. 

10.7. Before it can unite with the 
target to form a compound nucleus, 
the incident particle must overcome or 
penetrate the barrier due to electro¬ 
static forces of repulsion. As stated 
in § 9.20, for a given amount of en¬ 
ergy, the probability that an alpha 
particle will enter a specific nucleus 
is much less than for a proton. Con¬ 
sequently, if alpha particles are to be 
capable of producing nuclear trans¬ 
formations, especially for target nuclei 
having high atomic numbers and hence 
large positive charges, they will need 
to carry considerable amounts of en¬ 
ergy. Since the deuteron, with a mass 
of two units and a single charge, is 
intermediate between a proton and an 
alpha particle, it would be expected, 
at first sight, that it should be on the 
whole less effective than a proton but 
more so than an alpha particle of the 
same energy. 

10 .8. It has been found, however, 
that the deuteron is capable of initiat¬ 
ing several nuclear transformations, 
through the formation of compound 
nuclei, at relatively low energies. It 
will be seen in § 11.5 that it requires 
approximately 2 Mev to break up a 
deuteron into a proton and a neutron, 
but the addition of these individual 
particles to a nucleus of moderate or 
high mass number means an average 
increase in energy of about 8 Mev per 
nucleon (§12.7), or 16 Mev for the 
neutron and proton. Hence, the sys¬ 
tem will have made a net energy gain 
of 14 Mev as a result of the fusion of 
the deuteron with the target nucleus. 
This will tend to favor penetration of 
the potential energy barrier by the 
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deuteron, and the consequent forma- 
tion of the compound nucleus.* 

10.9. With a proton as the projectile 
there is a gain of 8 Mev when it is 
taken up by a nucleus, and for an alpha 
particle the energy increase is only 
about 4 Mev, this being the difference 
between the 28.2 Mev energy required 
to separate it into two protons and 
two neutrons, as shown in § 4.40, and 
Urn approximately 32 Mev gained 
from the addition of four nucleons to 
ihv target nucleus. Because of the 
mnuller energy increases, compound 
nuclei are less likely to he formed, and 
nuclear transformations are less prob¬ 
able with protons and alpha particles 
aw projectiles than with deuterons of 
equivalent energy, 

10 .10. Since a neutron carries no 
•leetric charge there are no electro- 
Htntie forces operative, and there is 
Virtually no potential energy barrier 
to prevent its entry into a target nu¬ 
cleus. At the same time, there is a 
Kiiin of about 8 Mev of energy, pro¬ 
vided the mass number of the' target 
element is not too high or too low. 

It ll to be expected, therefore, that 
mielenr transformations initiated by 
tieuI rons should he relatively common, 
ns is indeed the case. The interaction 
of neutrons with various nuclei has 
Mil Important bearing on the problems 
IMOoiated with the utilization of 
ntnmic energy, and some aspects of 
Mils subject will be dealt with more 
flllly in the next chapter, 

ISmisbion of Particles from 
Compound Nucleus 

10 . 11 . Having discussed the forma- 
tlnii of the compound nucleus, it is 
now necessary In consider its subse¬ 


quent. behavior. According to the view's 
developed largely bv N. Bohr (see 
^ 4.45) in Denmark in 1936, when a 
particle enters an atomic nucleus the 
additional energy is very rapidly 
shared among the nucleons present in 
the resulting compound nucleus.f This 
redistribution of energy takes place 
continuously, so that in the course of 
time one particular nucleon, or com¬ 
bination of nucleons, in the compound 
nucleus acquires sufficient energy to 
permit it to escape, leaving a more 
stable residual nucleus. As far as its 
decay is concerned, a compound nu¬ 
cleus does not. differ essentially from 
an ordinary radioactive nucleus, ex¬ 
cept that the former has a much 
shorter life. Calculations indicate that 
the average life of a compound nucleus 
is about 10 -14 to 10~ 12 sec., arid al¬ 
though this is very short in terms of 
measurable periods of time, it is long 
compared with that—less than If)- 2 " 
soc *—taken by a proton or neutron 
moving with a speed of 10" cm. per 
sec. to travel across a nucleus of 10- 12 
cm. diameter. There are thus sufficient 
collisions among the nucleons, even in 
10 14 sec., to permit the conditions 
necessa,ry for energy redistribution to 
be realized. 

10 .12. Since the barrier due to forces 
of repulsion is virtually nonexistent, 
for neutrons, these particles will, in 
general, be able to escape from the 
compound nucleus much more readily 
than either protons, deuterons or alpha 
particles. This is especially true when 
the target nucleus has a high atomic 
number and, hence, a large positive 
charge; the potential barrier due to 
electrostatic) forces is thus also high, 
and the probability that charged par- 


l ° 1 Why projectiles f„ 
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tides will be emitted is very low. For 
target elements of small atomic num¬ 
ber, on the other hand, neutrons are 
often more strongly bound in the com¬ 
pound nucleus than are protons, and 
since the energy barrier for the latter 
is then not too high, the ejection of a 
proton sometimes occurs. The energy 
required to form an alpha particle is 
only 4 Mcv—the same as that gained 
when such a particle enters a nucleus— 
and so there is a fair chance that an 
alpha particle will he emitted from 
the compound nucleus, provided the 
atomic number, and hence the energy 
barrier, is not too high. The expulsion 
of a deuteron is, however, a rare event 
because, apart from the energy re¬ 
quired to penetrate the potential bar¬ 
rier, some 14 IVLev must be available 
for the formation of the deuteron as a 
separate entity. This process could 
take place only if the incident particle 
carried a sufficient quantity of energy 
which it contributed to the compound 
nucleus. In cases of this kind, when 
considerable energy is available due to 
the use of highly accelerated projec¬ 
tiles, two or more nucleons may be 
expelled virtually simultaneously. 

10.13. In addition to protons, deu- 
terons and alpha particles, compound 
nuclei on occasion emit other posi¬ 
tively charged particles. Among those 
which have been observed are the nu¬ 
clei of a hydrogen isotope and of a 
helium isotope, both with mass num¬ 
ber 3, i.e., H 3 and He 3 , respectively. 
A relatively large amount of energy is 
required for their liberation, and so 
the probability of their expulsion by 
a compound nucleus is small. It may 
be noted in passing that, although 
there is no obvious reason why heavier 
particles, such as Li 8 and Li', should 
not he emitted, the three positive 
charges carried by these nuclei makes 

* There is Home evidence Unit (he unHtnblc 
clear diHintenratinnH (118.M). 
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| the electrostatic repulsion so large that 
the probability of their penetration of 
the barrier is quite negligible.* Other 
reactions, involving the emission of 
particles of small charge, consequently 
occur in preference. 

10.14. When the energy of a com¬ 
pound nucleus, following the capture 
of an incident particle, is not sufficient 
to permit expulsion of a nucleon, some 
or all of its excess energy may be 
emitted in the form of gamma radia¬ 
tion. Processes of this kind are re¬ 
ferred to as radiative capture reactions. 
These are of common occurrence when 
the incident particle is a neutron of 
low energy. Such transmutation proc¬ 
esses, designated (n,y), are very im¬ 
portant, as will be seen in Chapter XL 

10.15. Another possibility which may 
be considered is that, like certain radio¬ 
active elements, a compound nucleus 
might acquire stability by expelling 
an electron, or even a positron. But, 
this rarely, if ever, takes place, be¬ 
cause the formation of an electron 
requires the conversion of a ncution 
into a proton, together with an electron 
and a neutrino, as explained in § 7.50, 
and this change is slow compared with 
the direct emission of a particle or 
even of a gamma-ray photon. Radio¬ 
active decay processes accompanied by 
the expulsion of an electron or a pos¬ 
itron occur when the unstable nucleus 
does not have sufficient excess energy 
to permit a nucleon to detach itself 
completely. Such unstable nuclei have 
relatively long lives compared with 
those of the compound nuclei under 
consideration. 

Genehal Pboperties of 
Compound Nucleus 

10.16. A particular compound nu¬ 
cleus can sometimes be formed in two 
or more different ways. The union 

Li* particle is expelled in certain complex nu- 
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of an alpha particle with an N 14 nu¬ 
cleus, a deuteron with O 16 or a proton 
with O 17 leads, for example, to the 
formation of the same compound nu¬ 
cleus, actually a high-energy (excited) 
state of an unstable fluorine isotope; 
thus, 

7 N 14 + 2 He 4 \ 

8 0 16 + iH 2 -* [ 9 F 18 ]. 

8 0 17 +xW / 


The mass number of this compound 
nucleus is 18, since this is the sum of 
the mass numbers of the target nucleus 
and of the projectile in each case; sim¬ 
ilarly, the total charge is 9 , which is 
the atomic number of fluorine. 

10.17. Although it may not be 
strictly true, it can be assumed that, 
once a compound nucleus has been 
formed, its subsequent behavior, with 
special reference to the particle or 
particles emitted, depends only on the 
energy and not on its mode of forma¬ 
tion. In general, a given compound 
nucleus is capable of breaking up in 
several different ways, the particular 
mode which predominates depending 
on tile total amount of energy avail¬ 
able, partly from the kinetic energy 
of the projectile, and partly from the 
gain of energy accompanying its fusion 
with the target nucleus. An inter¬ 
esting illustration is provided by the 
unstable compound nucleus [ 30 Zn 65 ] 
which can be formed by the inter¬ 
action of a deuteron (iH-) with the 


EboZu* 6 ] 


> (1) aoZn 66 + y 

—* (2) 3 <)Zn 64 -f- o n l 
-> (3) 29 Cu 64 + iH 1 
< -+ (4) aoZn 63 + 2 0 n' 
-> (5) 2 sNi 61 + 2 He 4 
-* (6) 2e Cu 62 + iH 3 
(7) 2 »Cu« 3 + iH 2 


nucleus of a copper atom of mass 
number 63, i.e., 29 CU 63 . This compound 
nucleus can undergo several different 
reactions, as shown in the preceding 
column, their relative extents depend¬ 
ing on the available energy. 

10.18. The last four processes have 
a low probability, for reasons given! 
earlier, although reaction ( 4 ) takes 
place to a considerable extent when the 
incident particle has a large amount 
of energy. It will be seen that proc¬ 
ess (7) is the reverse of that by which 
the compound nucleus has been sup¬ 
posed to be formed. In fact, all the 
processes indicated above, and similar, 
nuclear reactions, are reversible, so 
that the same compound nucleus could, 
theoretically, be formed by reversing 
any of the reactions as written.* • 
Actually Zn 64 and Ni 61 are the (only 
stable species among the various pro¬ 
duct nuclides, and the formation of 
[soZn 60 ] by the interaction of Zn 64 
with a neutron, i.e., the reverse of 
process ( 2 ), has been observed. There 
is no doubt that with alpha particles 
of sufficient energy reaction (5) Could 
also be reversed, as could the others if 
the appropriate target nuclei were 
available. 

10.19. In the interaction of an ac¬ 
celerated deuteron with the Cu 83 nu¬ 
cleus, process (3), in which a proton 
is emitted, predominates at low deu¬ 
teron energies, for a reason which will 
be given in § 10.28, but this becomes 
less important at higher energies, when 
reactions (3) and (4) occur at the 
same time. It is important to note that 
at suitable energies several nuclear re¬ 
actions can take place simultaneously, 
although one particular process often 
predominates at low energies and an¬ 
other at higher energies. Consequently, 
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the method of formation of the com¬ 
pound nucleus has an indirect in¬ 
fluence on the nature of the subs*, 
quent process. For example, 

(, 0 Zn 05 l is formed from Zn 1 and a 
neutron of low energy, by the reversal 
of process (2), the only reaction which 
can take place to any appreciable ex¬ 
tent is the radiative capture process 
(1)- the relatively small amount o 
excitation energy is thus emitted as a 
gamma ray. When produced in this 
manner, the compound nucleus Lso^n] 

has insufficient energy for any of the 
other reactions indicated above to be 
possible. When high-energy neutrons 
are used as the incident particles, in¬ 
stead of those with low energy, some 
of the other reactions occur. It appears 
that, whenever a compound nucleus 
has enough energy to make expulsion 
of a material particle possible, the 
probability of gamma-ray emission is 
extremely small. 

Transmutation by Protons 
10.20. In the preceding sections a 
discussion has been given of the gen¬ 
eral principles underlying transmuta¬ 
tion processes, in which a compound 
nucleus is formed as an intermediate 
stage. In this and the following sec¬ 
tions reference will he made to speci c 
cases of nuclear reactions with various 
projectiles, and some additional mat¬ 
ters will be elucidated. 

10 21. With protons as the incident 
particles, radiative capture processes, 
i.e., of the (v,y) tYP e - have been ob¬ 
served for a number of the lighter 
dements; thus, 

13 A1 27 + iH 1 -» uSi 28 + T, 

which may be written as Al 27 (p,y) Si 28 - 
The product is a nuclide with both 
atomic number and mass number one 
unit higher than those of the target 
luateriul. Other instances ol the same 
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I kind are UHp.y)^ 

F‘»(n v)Ne 20 and Cr 50 (p,y)Mn ■ Tllt - 
bombardment of lithium by protons 
has been used as a source of high- 
energy (17 Mev) gamma radiations 
for experimental purposes. 

10 22. As may be anticipated, th. 
probability of the (p,«) type of reac¬ 
tion is relatively high, provided the 
proton has sufficient energy to pene¬ 
trate the energy barrier and form a 
compound nucleus. Such a reaction is 

u Na 28 + iH 1 -* uMg s + a" 1 . 

where the neutron emited is repre¬ 
sented by on 1 since it carries no charge 
hut has a mass of approximately one 
atomic mass unit. The product n 
cleus is seen to have the same mass a. 
the target element but its atomic num¬ 
ber is one unit higher. Several (PA 
reactions are known, althoug . 
are more common with the lighter than 
with the heavier elements, since higher 
energies are necessary for th(: nUC '! < ' 1 , 
of the latter to be penetrated by the 

l>1 10°2^ For the sake of completeness, 
it may be mentioned that reactions 
of the (p,2n) and (p,pn) types have 
been observed when using high-energy 
protons. view of the resnta ob¬ 
tained with other particles of vay 

high energy, in the range of several 
hundred million electron volts, there is 
no doubt that protons can initiate re 
actions in which three, four or even 
more particles are emitted. 
i 10 24. Nuclear processes of the (P,“l 
and \p,d) types, where the P^iries 
expelled are an alpha particle and a 
dcuteron, respectively, are compara¬ 
tively uncommon because of the sm 
probability of penetrating the rela¬ 
tively high energy barriers The large 
binding energy of the alpha P 8 ^ 1 ^ 
I s 4 40) makes Us emission more likely 
Hum Unit of a dcuteron, but m any 
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event, unless high-energy protons are 
used, the ip,a) reaction is to be ex¬ 
pected only with target elements of 
low atomic number for which the elec¬ 
trostatic repulsion is not too high. The 
first transmutation process involving 
artificially accelerated particles to bo 
discovered (§9.211 was of the (p, a ) 
type, namely, Li 7 (p,«) He 4 ; another ex¬ 
ample is 

?N 14 + iH 1 -»„C U + 2 He 4 . 

One of the rare cases of a (p,d) re¬ 
action is 

4 Be 9 + iH 1 -> 4 Be 8 + jH 2 , 

but there are probably special circum¬ 
stances which favor the emission of a 
deuteron in this case. 

10.25. A few instances have been 
recorded of reactions of the (p,p) type, 
in which a proton is both the incident 
and the emitted particle; the product 
nucleus must then have the same mass 
number and atomic number as the 
I target element. The only difference 
between target and product nuclei is 
that the latter is in a higher energy 
I (excited) level than the former, the 
incident proton being deprived of some 
of its energy before it, or another pro- 
| ton, is ejected. An example of this 
kind of reaction, which is one instance 

■ of the more general phenomenon of 

■ nuclear excitation, is 

In 115 + jH 1 -> In 116 * + iH 1 , 

where the asterisk (*) is used to indi- 
I cate an excited state of the In 115 nu- 
1 cleus. The excited nucleus soon loses 
its excess energy as gamma radiation: 

I thus, 

In 11 '* -> In 115 + y. 

■ Puch processes may be represented as 


iPiP') or (p,py), the symbol p' im¬ 
plying the emission of a proton of 
different (lower) energy than the inci¬ 
dent proton. 

10.26. There are two ways in which 
an excited nucleus could lie produced 
as a result of interaction with a pro¬ 
ton (or other positively charged par¬ 
ticle) of high energy. One involves the 
capture of the particle with the forma¬ 
tion of a compound nucleus as the 
first stage. A particle of the same kind 
is then expelled within a very short 
time, but with less energy than it 
originally had. The (kinetic) energy 
which the particle has lost has been 
converted into excitation (or potential) 
energy of the target nucleus. A process 
of this kind is referred to as inelastic 
scattering.* When the incident high- 
energy particle is a proton, ’ the 
emission of a neutron from the com¬ 
pound nucleus, i.e., the (p,n) reaction, 
would appear to be more probable 
than the process described above. In 
; this event, another method of nuclear 
excitation may be significant. The 
electrostatic (or Coulomb) interaction 
between the positive charges on the 
proton {or other charged particle) and 
the target nucleus (cf. §4,13) may 
result in the transfer of energy from 
the former to the latter in a close en¬ 
counter without the intermediate pro¬ 
duction of a compound nucleus. The 
amount of energy gained by the nu¬ 
cleus in this way may be sufficient to 
produce a definite excited state; the 
interaction is then referred to as a 
Coulomb (or electrostatic) excitation. 

Transmutation by Deuterons 

10.27. It was seen in § 10.8 that 
the deuteron is a particularly effec¬ 
tive projectile for causing nuclear 
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transmutations because a relatively 
small amount of energy, about 2 Mev, 
is sufficient to cause its rupture into a 
neutron and proton. This small bind¬ 
ing energy of the constituent nucleons 
of a deuteron has another significant 
effect in facilitating nuclear changes. 

In the course of a study, reported in 
1935 1 of reactions of the (d,p) type 
resulting from the bombardment of 
various elements with deutcrons ac¬ 
celerated by means of a cyclotron, 

E. 0. Lawrence, E. M, McMillan and 
IL L. Thornton in the United States 
noted that the efficiency of the proc¬ 
esses increased with increasing energy 
of the incident particle* at a rate that 
was appreciably greater than was to 
be expected from the wave-mechanical 
theory of barrier penetration by the 
deuteron (§9.20). 

10.28. An explanation for this be¬ 
havior was immediately proposed by 
the American mathematical-physicist 
J. R. Oppenheimer who, in conjunction 
with M. Phillips, derived certain theo¬ 
retical consequences which were found 
to be in complete agreement with 
the observed facts. According to the 
Oppenheimer-Phillips mechanism , the 
deuteron behaves as a relatively loose 
combination of a neutron and a pro¬ 
ton, since the binding energy is com¬ 
paratively small. When the deuteron 
approaches a nucleus, the electrostatic 
repulsion of the positive charges tends 
to force the proton away, while the 
neutron is not affected. If the energy 
of the incident deuteron exceeds the 
neutron-proton binding energy, be,, 
about 2 Mev, the proton portion will 
break oft and be repelled, hut the neu¬ 
tron will enter the target nucleus, since 
there is virtually no barrier to prevent 
this taking place. In a sense, the 
Oppenheimer-Phillips type of process 
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may lie regarded as occurring in two 
stages: the break up of the deuteron 
into a proton and a neutron, followed 
by the reaction between the latter and 
the target nucleus. The resulting com¬ 
pound nucleus usually does not have 
sufficient energy to eject a particle, 
but as it is in an excited state it will 
lose its excess energy in the form of 
gamma radiation. 

10.29. Nuclear reactions of the (d 7 p) 
type are quite common, for they ha\e 
been observed with nearly all elements. 
At low deuteron energies the mecha¬ 
nism is presumably as described above, 
but at high energies it is probable 
that, as in most transmutations, a com¬ 
pound nucleus is formed by combi¬ 
nation of the whole deuteron with the 
target nucleus, followed by the ejection 
of a proton. The end result is, of course, 
the same as in the Oppenheimer- 
Phillips processes. Examples of {d,p) 
nuclear transmutations, which include 
elements of low, medium and high 
atomic weights, are given below. It 
will be observed that the product is 
always an isotope of the target ele¬ 
ment, with a mass number one unit 
higher. 

3 Li 7 + iH 2 -» 3 Li 8 + iH 1 
48 Cd 114 + iH 2 -»4 8 Cd 116 + iH 1 
ssBi 209 + iH 2 -» saBi 210 +1H 1 

10.30. Attention may be called to 
the last of these reactions, in which 
the product is an isotope of bismuth, 
of mass number 210 and atomic num¬ 
ber 83. Reference to the table in § 5.58 
and Fig. 8.1 will show that these are 
the mass number and atomic nuinbci 
of the naturally occurring radioactive 
element commonly known as radi¬ 
um E, Bombardment of ordinary bis¬ 
muth by accelerated deuterons does, 
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in fact, yield a product which is iden¬ 
tical with radium E; it emits beta 
particles and has a half life of 5.0 
days. 

10.31. Another (d,p) reaction of 
special interest was discovered by 
Rutherford, in conjunction with M. L. 
E. Oliphant and P. Harteck, in 1934, 
as a result of the bombardment by 
deuterons of deuterium itself, in the 
torm of a solid compound. The process 
thus involves the interaction of an 
accelerated deuteron with a stationary 
one, and the result is the emission of a 
proton, leaving a third isotope of hy¬ 
drogen, of mass number 3, as the 
residual nucleus; thus, 

iH 2 + ^ -> JF + jH 1 , 

where iH 3 is the new isotope which 
has been called tritium* The additiv¬ 
ity ol the subscripts, indicating the 
nuclear charges or atomic numbers, 
shows that the product, tritium, lias 
an atomic number of unity, and hence 
must be isotopic with hydrogen. The 
atomic weight has been determined 
from the known isotopic weights of 
deuterium and hydrogen, and the reac¬ 
tion energy Q derived from the en¬ 
ergy of the deuteron projectile and the 
ranges of the resultant particles. The 
value of Q is +4.03 Mev, which is 
equivalent to +0.00433 mass unit, and 
taking the isotopic weights of deute¬ 
rium and hydrogen as 2.01474 and 
1.00814, respectively, the isotopic 
weight of tritium is found, by the 
method described in §9.33, to be 
(2 X 2.01474) - (1.00814 + 0.00433), 
which is 3.01701. It will be seen later 
that tritium is unstable and does not 
occur naturally; consequently, it can 
be obtained only in nuclear transmuta¬ 
tion processes. 


10.32. Competing with the proton- 
emitting nuclear changes induced by 
deuterons of moderate energies, are 
reactions of the (d,7r) type, in which 
the deuteron enters the nucleus of the 
target element and a neutron is then 
ejected from the resulting compound 
nucleus. A large number of transmuta¬ 
tions of this kind have been reported; 
in several cases, especially with target 
elements of low atomic weight, partic¬ 
ularly beryllium, high-energy neutrons, 
useful for experimental purposes, are 
emitted. Among reactions of the (d,n) 
type are the following: 

sBi 6 + iH 2 —> 4 Be 7 + o n 1 

“Te 130 + ,H 2 -» 63 P 37 + on i 

ssBi 209 + iH 2 -» 84 Po 210 + onh 

In each case the mass number and 
atomic number of the product are both 
one unit higher than those of the 
target element. In the third example 
quoted above, the product has the 
mass number and atomic number of 
naturally occurring polonium, or ra¬ 
dium F; its identity with the latter 
has been proved by a study of the 
radioactivity observed after bombard¬ 
ment of bismuth with deuterons. Both 
radium E, resulting from the (d,p) 
reaction, as mentioned earlier, and 
radium F, from the (d,n) process, are 
obtained simultaneously at moderately 
high (7 to 10 Mev) deuteron energies. 

10.33* In addition to producing trit¬ 
ium, the interaction of deuterons with 
deuterons is accompanied by the for¬ 
mation of an isotope of helium of mass 
number 3, by the reaction 

1 H 2 + iH 2 —» 2 He 3 + o n l 7 

which is a (d 7 n) process. This helium 
isotope is present to a very minute 
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extent in ordinary helium gas. By 
making use of the energy change Q 
of the H 2 (d,n)He 3 reaction, and the 
known masses of the neutron and the 
deuterium atom, the isotopic weight 
of He 3 is found to be 3.01699. Mention 
may also be made of the analogous 
(d,n) reaction between accelerated 
deuterons and tritium, i.e., H 3 (d,n) He 4 . 
This process is of interest as a means 
of producing neutrons having an en¬ 
ergy of at least 14 Mev (§ 11.89). 

10.34. When the incident deuterons 
have high energies, of the order of 
10 Mev or more, two neutrons are 
expelled from the compound nucleus, 
leading to a number of reactions of 
the (d, 2 n) type wit h target elements of 
moderately high mass numbers; thus, 

26 Fe 56 + iH 2 -> 27C0 66 + 2m l 
62 Te 130 + 1 H 2 -> 63 I 130 + 2qU 1 . 

At still higher energies, such as have 
been obtained by means of the 184- 
inch cyclotron (§9.72), reactions of 
the (d,3n) type, and others of a still 
more involved nature, have been ob¬ 
served. The subject of disintegration 
by very high-energy particles will be 
considered separately in a later section 
(§ 10.58 et seq.). 

10.35. Because of the high nuclear 
potential energy barrier for alpha par¬ 
ticles, which increases with the atomic 
number of the target nucleus, reactions 
of the (d,a) type are observed only 
with deuterons of high energy and ele¬ 
ments of fairly low atomic number. 
One example is 

20 Ca 40 + 1 H 2 -> i 9 K 38 + 2 He 4 , 

and others are Li 0 (d, a) He 4 , Ne 20 (d,a) 
F 18 , Mg 26 (d,a)Na 24 and Ni 60 (d,«)Co 58 . 

10.36. Although they are as unex¬ 
pected as the (p,d) reactions referred 
to in § 10.24, a few instances arc known 
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of processes of the analogous (d,t) 
type, where t represents the triton, or 
nucleus of tritium, i.e., of H 3 or T, the 
third isotope of hydrogen. One case, 
namely, 

4 Be 9 + 1 H 2 -> 4 Be 8 + 1 H 3 , 

indicated in brief by Be 9 (d,£)Be 8 , is of 
especial interest since the bombard¬ 
ment of beryllium by 10 -Mev deuter¬ 
ons has been used as a source of high- 
energy tritium nuclei (§ 10,46). 

10.37. Possibly due to the fact that 
there is a considerable gain of energy 
when a deuteron enters a nucleus, 
radiative capture (d,y) reactions are 
not common. The excitation energy of 
the compound nucleus is so high that 
it can very quickly emit a neutron, at 
least, or even a proton. The re-emission 
of a deutron, leaving the target nu¬ 
cleus in an excited state, is a possi¬ 
bility, provided the entering deuteron 
has sufficient energy. This inelastic 
scattering process is then followed by 
the emission of radiation from the 
excited nucleus. Just as with protons, 
excited nuclei can also be produced by 
deuterons as a result of Coulomb in¬ 
teraction (§10.26). 

Transmutation by Alpha Particles 

10.38. It will be recalled (§9.4) that 
Rutherford first observed in 1919 the 
transmutation of the nitrogen atom 
as a result of interaction with alpha 
particles from radioactive sources. The 
nuclear reaction he discovered was of 
the (a,p) type which is common with 
elements of low atomic number. As 
the latter increases, the potential bar¬ 
riers preventing the entry of the alpha 
particle and the emission of the proton 
become higher and the probability of 
the (a,p) process decreases. However, 
with the availability of artificially ac- 

I cclcratcd alpha particles (helium ions), 
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this reaction, which Rutherford was 
not able to observe for elements above 
potassium, has now been detected fgr 
nuclei with high atomic numbers, 

10.39. Although it was not realised 
until 1932, the (a,n) reaction, which, 
incidentally, led to the discovery of 
the neutron (§2-117), frequently oc¬ 
curs at the same time as the (® } p) 
change. An important example of an 
(a,n) transmutation is 

4 Be 9 + 2 He 4 —> 6 C * 2 + ctfd, 

which provides a useful laboratory 
source of neutrons; alpha particles of 
sufficient energy are obtained from 
radon gas, i.e., from radium emana¬ 
tion, from radium or from polonium. 
By using energetic alpha particles, 
(a,n) reactions have been observed 
with the heaviest elements, including 
uranium, and the artificial elements 
neptunium and plutonium (Chapter 
XVI). 

10.40. When the energy of the alpha 
particle is large enough for it to pene¬ 
trate a highly charged nucleus, other 
reactions, such as (a ,2 ft), (a,np), 
(a,3n) j (a, 4 n) and (a, 3 np) y in which 
two or more nucleons are expelled, 
take place. Nuclear processes occur¬ 
ring with incident alpha partieles of 
very high energy will be referred to in 
§ 10.58 and in Chapter XVI. 

10.41. Alpha particles are able to 
bring about nuclear excitation reac¬ 
tions as a result of inelastic scattering, 
in which the high-energy alpha par¬ 
ticle is first captured by the nucleus 
and is then expelled with a lower en¬ 
ergy, Just as with protons and deu¬ 
terons, alpha particles can also pro^ 
duce excited nuclei due to Coulomb 
interaction. In every ease, the excited 
nuoleus eventually rids itself of the 
oxcess energy by the emission of 
gamma radiation. 


Transmutation by Neutrons 

10.42. The production of neutrons 
of various energies arid their properties 
will be described more fully in Chap¬ 
ter XI, and so only brief consideration 
will be given here to transmutation 
reactions induced by neutrons. The 
most common type of process is radi¬ 
ative capture, represented by 1 (n, y), 
in which a neutron is taken up by the 
target nucleus and the resulting com¬ 
pound nucleus then emits its excess 
energy as gamma radiation (§ 10.14) . 
Neutrons of relatively low energy, fre¬ 
quently called slow neutrons , are par¬ 
ticularly effective for the (n,y) reaef- 
tion, an instance of which is 

29 Cu ^ 3 + on 1 -> 29 Cu 64 + y. 

Virtually all the elements, ^except 
some of the very lightest, exhibit ra¬ 
diative capture of slow neutrons; the 
product is always isotopic with the 
target element, but its mass number 
is one unit higher. 

10.43. With fast neutrons, that is to 
say, with those having higher energies, 
the {nyp) type of reaction is fairly 
common; additional energy is here re¬ 
quired to permit the proton to escape 
from the compound nucleus. Such re¬ 
actions are N 14 (n,p) C 14 and Cl 35 
(n,p)S 35 , so that the product nucleus 
has the same mass, but its atomic 
number is one unit less than that of 
the target. For elements of atomic 
number of about 40 or less, and in a 
few instances where the atomic, num¬ 
bers are higher, (n,«) reactions have 
been observed; examples are F 19 
(n,a) N 16 and Zn 68 (n,«)Ni 65 . If the 
neqtron energy exceeds about 8 Mev, 
processes of the (n, 2 n) type, such as 
C 12 (n,2n)C 11 and Hg 108 (n, 2 n)Hg 197 , 
beoome possible; the product is here 
ieotopio with the target element, as in 
the (n,y) reactions, but its mans num- 






















284 


Sourcebook on 

ber is now smaller by one unit. Be¬ 
cause of the large amount of energy 
required to remove a deuteron, at least 
14 Mev, reactions of the (n,d) type 
take place only with neutrons of very 
high energy (§11.56). 

10.44. Since neutrons are not elec¬ 
trically charged, these particles can¬ 
not cause nuclear excitation by elec¬ 
trostatic interaction as can protons, 
etc. However, neutrons of sufficient 
energy can produce excited nuclei as 
a result of inelastic scattering reac¬ 
tions. The compound nucleus, formed 
when the target nucleus captures a 
fast neutron, expels a neutron of lower 
energy, leaving the original nucleus in 
an excited (high-energy) state. The 
excess energy is subsequently liberated 
as gamma radiation. The subject of 
neutron scattering, both inelastic and 
elastic, is of considerable importance 
and further reference to it will be 
made in Chapter XI. 

Transmutation by Particles 
of Mass Three 

10.45. With the availability of 
moderate quantities of tritium 
(§§ 10.31,11.58), the isotope of hydro¬ 
gen of mass number 3, and of He 3 , an 
isotope of helium of the same mass 
number, a certain amount of work 
has been done using these nuclei as 
projectiles. The investigations have 
not been extensive for several reasons, 
e.g., the radioactive nature of tritium 
and the relative scarcity of both this 
substance and helium-3. In any event, 
the results obtained by bombarding 
various target elements with H 3 and 
He 3 ions have not been basically dif¬ 
ferent from those described above for 
other isotopes of hydrogen and helium, 
respectively. 

10.46. The first studies with ac¬ 
celerated tritons, i.e., tritium ions, 
were made in 1943 by C. P. Baker, M. 


Atomic Energy Chap. X 

G. Holloway, L. D. P. King and R. E. 
Schreiber in connection with a war¬ 
time project at Purdue University. 
These experiments, with a gas con¬ 
taining only a very small proportion 
of tritium, were preliminary in nature, 
and were mainly concerned with re¬ 
actions involving light elements. In 
1948, M. L. Pool and D. N. Kundu, 
in the United States, used high-energy 
tritons, obtained by the action of 10- 
Mev deuterons on beryllium (§ 10.36), 
as projectiles in the bombardment of 
some heavier ions, e.g., Co 59 and Rh 103 . 
The reactions observed were of the 
( t,V ) type, e.g., 

27 Co B9 + jH* -*■ 27C0 61 + iH 1 . 

Among other nuclear reactions involv¬ 
ing accelerated tritons, mention may 
be made of the following: H 2 (t,n) 
He 4 , which is the same as the one 
between accelerated deuterons and 
tritium; the (t,d) reaction with Li 6 , 
namely, Li 6 (£,d)Li 7 ; and a reaction of 
the (£,He 3 ) type, namely, Ag 109 
(£,He 3 )Pd 109 . 

10.47. In 1939, L. W. Alvarez and 
R. Comog showed that the helium-3 
isotope was present to a very small 
extent in ordinary helium, by using the 
Berkeley cyclotron (§ 9.64) as an elec¬ 
tromagnetic separating device. In these 
experiments they obtained evidence 
for the Si 28 (He 3 ,p) P 30 reaction. A 
process of the same type, namely, 
H 2 (He 3 ,p)He 4 , was studied in 1943 by 
the Purdue group mentioned above, 
in which accelerated He 3 ions were 
used to bombard deuterium. More re¬ 
cently, other (He 3 ,p) reactions, e.g., 
H 3 (He 3 ,p) He 5 and He 3 (He 3 ,p) Li 5 , 
have been observed. In the reactions 
C 12 (He 3 ,a) C 11 and N 14 (He 3 ,«) N 18 , 
both incident and ejected particles 
are isotopes of helium, so that the 
products are isotopic with, but have 
one unit of mass less than, the target 
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nuclei. Of interest also are the proc¬ 
esses He 3 (He 3 ,2p)He 4 and C 12 (He 3 ,d) 
N 13 , which are alternative to some of 
the interactions noted above. 

Transmutation by 
Heavy Ions 

10.48. Since 1950, when a group at 
the University of California Radiation 
Laboratory showed that accelerated 
carbon ions caused the reactions Al 27 
(C 12 ,«n)Cl 34 and Au 197 (C 12 ,4n) At 205 , 
there has been a growing interest in 
the transmutation processes brought 
about by relatively “heavy” ions, such 
as those of lithium, carbon, oxygen 
and nitrogen. Most of the reactions 
observed fall into two broad classes. 
The first type includes reactions in 
which there is apparently a simple 
transfer of a nucleon (or nucleons) 
from one nucleus to another. For 
example, the bombardment of a nitro¬ 
gen target with high-energy nitrogen 
nuclei leads to the reactions 

7 N 14 + 7 N 14 -> 7 N 13 + 7 N 15 

and 

7 N 14 + 7 N 14 -► 6 C 13 + 8 0 15 . 

In the first, a neutron is transferred 
from one nitrogen nucleus to the other, 
and in the second, a proton is trans¬ 
ferred. In a somewhat similar reaction 
of nitrogen ions with boron-10, i.e., 

7 N 14 + 6 B 10 -► 7 N 13 + eB 11 , 

a neutron is transferred to a nucleus 
of another kind. 

10.49. In reactions of the second 
class, several nucleons (or other parti¬ 
cles) are emitted as a result of bom¬ 
bardment of a target nucleus by an 
accelerated “heavy” ion. Although 
such processes are grouped together, 
there are probably several different 
types, some of whioh will be described 


here. The interaction of 26-Mcv nitro¬ 
gen ( 7 N 14 ) ions with a nuclide of 
moderate mass number, e.g., aluminum 
(i 3 A1 27 ), leads to a variety of prod¬ 
ucts, ranging from i 4 Si 31 to i 9 K 38 ; 
thus, from 

1 3 A1 27 + 7 N 14 -► 2 JP + 2 2 He 4 + 14 Si 31 
to 

i 3 A1 27 + 7 N 14 -> iH 1 + 2 on 1 + 19 K 38 . ■ 

There is some doubt whether a single 
compound nucleus, in the generally 
accepted sense, is formed in these re¬ 
actions. It has been- suggested that, 
owing to the strong electrostatic inter¬ 
action between the nitrogen ion apd 
the target nucleus, the former is split 
up into two or three helium ions 
(alpha particles) and some pdd nu¬ 
cleons. The target is thus struck by a 
group of projectiles rather than by a 
single one. Varying numbers of these 
projectiles are then captured by the 
target nucleus to form several different 
compound nuclei, resulting in a num¬ 
ber of different products. 

10,50. Another type of reaction in 
the same general category occurs with 
heavy nuclei; the first stage is ap¬ 
parently the fusion of the projectile 
with the target to form a compound 
nucleus, which then expels a number 
of (generally four to six) neutrons. 
The particular interest of reactions of 
this kind lies in the fact that, with 
uranium as the target material, for 
example, it is possible to produce nu¬ 
clides of higher atomic number which 
do not exist in nature. The minimum 
energy of the projectile in order to 
overcome the electrostatic repulsion 
of the uranium (or similar) target 
nucleus is about 100 Mev, but higher 
energies are desirable. Three fairly 
typical examples of the reactions that 
can oocur are the following: 
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92 U 238 + 6 C 12 -► Cm + 98 244 

92 U 238 + 7 N 14 -> 6 n + 99 246 

92 U 238 + 8 0 16 ^An + 100 25n , 

where the products are indicated by 
their respective atomic numbers, i.e., 
98, 99 and 100. It is in the hopes of 
producing new elements of even higher 
atomic number, as will be discussed 
more fully in Chapter XVI, that reac¬ 
tions of this kind are receiving special 
attention. The compound nuclei 
formed are very unstable, and there 
is a considerable probability that they 
will break up into two (or more) much 
lighter nuclei, by the process of fission 
(§ 10.60). The yield of the new heavy 
nuclei is thus relatively small, and 
large ion currents are necessary in 
order to obtain appreciable quanta 
ties of the desired products (see 
§9.118). 

10.51. The capture of ions of suffi¬ 
ciently high energy may lead to con¬ 
siderable disruption of the target nu¬ 
cleus. Such reactions are apparent 
from the formation of “stars” in nu¬ 
clear emulsions (§ 18.51). One of the 
nuclei in the emulsion, probably either 
silver or bromine, captures the bom¬ 
barding ion and the resulting nucleus 
breaks up into a number of particles, 
each of which produces a track, like 
the prong of a star. In one well-defined 
instance, capture of a 750-Mev carbon 
ion led to the formation of a nine¬ 
pronged star. From the nature of the 
tracks, it was concluded that two of 
the particles emitted were protons, two 
alpha particles, and one possibly a 
lithium ion; the others were not iden¬ 
tified. 

Transmutations by Radiation 
and by Electrons 

10.52. In 1934, using the gamma 
radiation from thorium C, having an 
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energy of 2.62 Mev, J. Chadwick and 
M. Goldhaber in England found that 
k deuterium nucleus could be disinte¬ 
grated into a neutron and a proton; 
thus, 

1H 2 + 7 1H 1 + on 1 . 

Since the binding energy of a neutron 
and a proton is a little over 2 Mev, 

I the gamma ray from thorium G has 
Sufficient energy to break up the deu¬ 
terium nucleus The binding energy 
of a neutron in beryllium of mass 
number 9 is also low, and the same 
gamma radiation is able to cause the 
(y,n) reaction 

4 Be 9 + y 4 Be 8 + on 1 . 

Reactions of this type, brought about 
by high-energy radiations, have been 
referred to as pkotodisintegration * or 
nuclear photo-effect , the prefix photo 
implying light, or radiation, in the 
most general sense of the term. 

10.53. In all elements, except the 
lightest, the energy required to remove 
a neutron from afi atomic nucleus is 
about 8 Mev, and hence it is easy to 
understand why the gamma radiations 
from thorium C failed to cau^e any 
transmutations other than the two 
recorded above. When the 17-Mev 
radiations, produced by the bombard¬ 
ment of lithium by protons, were em¬ 
ployed, however, a number of nuclei 
exhibited phototransmutation of the 
(y,n) type. In several cases, where the 
energy is insufficient to cause actual 
transmutation, nuclear excitation has 
been observed; such processes may be 
described as being of the (y,*/) type. 
Among the nuclides which have thus 
been obtained in excited states of 
moderate life are Kr 83 , St* 87 , Cb oa and 
Hg 199 . 

10.54. By allowing electrons from 
a betfttroh (§9;75) ot a synchrotron 
(§9.87) to fall oh A tungsten target, 


* I'lmttth'ansmuinliint would perlmpM hr ti belter levin In line licrf, 
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Xrrays qf energy from 20 to 330 Mev 
have been obtained, and these have 
been used to produce a variety of nu¬ 
clear processes. Reactions of the (y,n) 
and (y,p) types* are most common at 
the lower energies, but at higher en¬ 
ergies (y,np), (y,2n), (y,n2p ), (y ,«) 
and other processes involving the ejecr- 
tion of two, three or more particles 
have been observed. When higlwem 
ergy X-rays interact with oxygen-16, 
one of the products is apparently car¬ 
bon-11; this would imply that the re¬ 
action O 10 (y,3n2p)O 11 , in which five 
nucleons are ejected, lias occurred. 
Disintegration into four alpha parti¬ 
cles has also been reported, Similarly, 
25-Mev gamma rays can break up. a 
carbon-12 nucleus into three alpha 
particles. 

10.55. In the interaction of .gamma 
rays or X-rays with matter, some or 
all of the energy of the absorbed ra¬ 
diation is transferred to. the target 
nucleus which is thus converted into a 
highly-excited state resembling a com-! 
pound nucleus. As with the latter, 
there is a continuous redistribution of 
energy among the nucleons present, 
and when any one of them acquires 
sufficient energy it can escape from the 
excited nucleus. When the energy de^ j 
rived from the radiation is of the 
order of 10 Mev, only one nucleon, 
either a proton or a neutron, can be 
emitted, but when the energy is of the 
order of 100 Mev or more it is not 
surprising that three, four or more 
nucleons are ejeoted. 

10.56. Relatively few nuclear reac¬ 
tions induced by electrons have been 
observed; one reason is that the inters 
action probability of an electron with 
a nucleus is extremely email. How^ 
ever, it has been reported that elec¬ 
trons of about 1.8 Mev energy are 


capable of ejecting a neutron from the 
beryllium-9 nucleus. As seen above, 
the binding energy of the neutron is 
small in this case, so that the (e“, 
ne~) reaction 

4 Be 9 + _ie° —» 4 Be 8 + 0 n 1 + _ie° 

does not appear unreasonable. It will 
be noted that the electron does not 
actually enter into the nuclear reac^ 
tion, but its energy is utilized in some 
manner to detach the neutron. 

10.57. Several cases have been de¬ 
scribed of nuclear excitation by means 
of high-energy electrons. The prod¬ 
ucts are excited states identical with 
those obtained by means of X-rays or 
in other ways. The exact mechanism 
whereby the energy of the electrons is 
transferred to the nucleus is not clear; 
it is possible that the X-radiation 
(bremsstrahlung), produced as the 
electrons are decelerated (§4.75), is 
responsible for the nuclear excitation. 

Fission and Spallation 

10.58. It will be noted that in the 
nuclear transmutation processes al¬ 
ready considered there are only a few 
cases of reactions associated with the 
expulsion of more than one particle. 
In the great majority of instances 
there is either radiative capture, when 
no material particle leaves the com¬ 
pound nucleus, or else a single particle 
is emitted. As a result, the products 
are very close, both in mass number 
and atomic number, to the target ele¬ 
ments. This is, on the whole,, to be 
expected because the binding energy 
of a nucleon is about 8 Mev, and 
hence an incident particle whose en¬ 
ergy is of the order of 10 Mev is un¬ 
likely to bring about the ejection of 
more than one or two neutrons or 
protons. But if particles in a higher 


* It will be recalled (1ml high-etpuuv X-rayN differ from Humpni mys in their origin only; 
for practical piirpourn, however, no ((inline!inn need be made, mid ho the Nvmbol 7 in lined 
j uni. hm if neliud ummnii inyw hud been employed. 














288 Sourcebook on 

energy range, say in the region of 100 
Mev or more, were employed, trans¬ 
mutations of other types, in which 
there are considerable differences be¬ 
tween target and product nuclei, might 
be anticipated, and such reactions 
have indeed been observed. 

10.59. It may be mentioned that the 
Bohr theory of the capture of the inci¬ 
dent particle, followed by redistribu¬ 
tion of its energy among the nucle¬ 
ons of the resulting compound nucleus 
(§10.11), requires modification for 
projectiles of high energy. Because of 
its high speed, such a particle can of¬ 
ten pass through the target nucleus, 
being deprived of a fraction only of its 
energy (§11.112). Atomic nuclei are 
thus somewhat “transparent” to 
highly energetic projectiles. 

10.60. The first of the high-energy 
transmutation processes to be consid¬ 
ered is that known as fission , in which 
the target nucleus, in addition to emit¬ 
ting a small number of nucleons, usu¬ 
ally neutrons, breaks up into two nu¬ 
clei of approximately equal size. The 
phenomenon of fission forms the basis 
of the practical utilization of atomic 
(nuclear) energy, and so it will be dis¬ 
cussed more fully in Chapter XIII; it 
is mentioned here only for the sake of 
completeness. Actually, the first in¬ 
stance of fission was not brought about 
by particles of high energy, but by 
slow neutrons interacting with the 
uranium-235 isotope. The more abun¬ 
dant uranium isotope of mass number 
238 undergoes fission when subjected 
to the action of fast neutrons, of en¬ 
ergy exceeding 1 Mev. Other naturally 
occurring elements of high atomic 
number, such as thorium and proto¬ 
actinium, can be split by neutrons in a 
similar manner. Fission of uranium 
and thorium has been induced by pro¬ 
tons, dcuterons and gamma rays of 
energy from 1 to 10 Mev, and also 
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by 32-Mev alpha particles (§ 13.17). 
In the process of fission the nucleus of 
the target element breaks into two 
fragments in many different ways; 
thus, nearly eighty products, with mass 
numbers from about 72 to 160, have 
been detected in the fission of ura¬ 
nium-235. However, the major frac¬ 
tion of these products falls into two 
groups with mass numbers in the 
range of 80 to 108 and 125 to 153. 

10.61. The examples of fission given 
above refer to the heaviest elements 
and do not actually represent very 
high-energy reactions, but the use of 
particles of higher energy has made it 
possible to induce fission of several 
somewhat lighter nuclei. Alpha parti¬ 
cles accelerated to 400 Mev energy 
by the 184-inch synchrocyclotron have 
been found to cause fission of bismuth, 
lead, thallium, platinum and tanta¬ 
lum, while 200-Mev deuterons are 
similarly effective for bismuth, lead 
and thallium. Neutrons of 100 Mev 
energy produce fission of bismuth, 
lead and other heavy nuclei. A 
considerable number of nuclides of 
lower atomic weight have been de¬ 
tected among the products. It may be 
mentioned here, although the matter 
will be treated more fully at a later 
stage, that fission of uranium by par¬ 
ticles of very high energy leads to an 
entirely different distribution of prod¬ 
ucts from that observed in fission 
with neutrons of lower energy. 

10.62. Another phenomenon, which 
differs from fission in being produced 
only with particles of high energy, 
was discovered in 1947 by G. T. Sea- 
borg, I. Perlman and their collabora¬ 
tors at the Radiation Laboratory, 
Berkeley, California, using the facili¬ 
ties of the 184-inch cyclotron. When 
elements in the intermediate range of 
mass number and atomic number are 
bombarded by 400-Mev alpha parti¬ 
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cles or protons or by 200-Mev deu¬ 
terons, they do not undergo fission 
and break up into two, more or less 
equal, parts. Instead, such nuclei emit 
various numbers, up to about twenty 1 
or thirty, or even more, of nucleons, ( 
leaving a series of products of lower 
mass and atomic number. The name 
spallation* has been proposed for re¬ 
actions of this kind. 

10.63. Because of the tedious nature 
of the procedures necessary to identify 
the many products of spallation, the 
phenomenon has hitherto been studied 
with a few elements only. However, 
it has been observed for several ele¬ 
ments, ranging from magnesium to 
antimony. Since it is not known 
whether alpha particles are split off 
in addition to neutrons and protons, 
a noncommittal method of represent¬ 
ing spallation processes has been pro¬ 
posed. When arsenic GsAs 75 ) is bom¬ 
barded by high-energy alpha particles 
( 2 He 4 ), one of the numerous spallation 
products is an isotope of chlorine of 
mass number 38, that is, i 7 Cl 38 ; there 
has consequently been a net decrease 
of 18 units of atomic number and 41 
units of mass, and this is indicated 
by writing As 75 (a,18241a) Cl 38 to de¬ 
scribe this particular reaction. 

10.64. A nuclear process which rep¬ 
resents a combination of fission and 
spallation was reported by the Berke¬ 
ley scientists in 1948. When bismuth, 
lead, gold and other heavy elements 
are bombarded by high-energy pro¬ 
tons or deuterons, ten or twelve nu¬ 
cleons are first expelled as in spalla¬ 
tion, but the resulting nucleus is so 
unstable that it undergoes fission. 
Some of the reactions caused by ac¬ 
celerated carbon, nitrogen, oxygen, 
etc., ions are probably similar in na¬ 
ture (§ 10.50). It is of interest to men¬ 


tion that nearly all the known ele¬ 
ments have been detected in the 
products of the fission-spallation of 
uranium. 

10.65. The mechanism of fission is 
moderately well understood, as will 
be seen in Chapter XIII, but the basis 
of spallation is not altogether clear. 
Since products with atomic numbers 
higher than that of the target element 
have been detected, for example, s 2 Te 
from 5 iSb, it would appear that some, 
at least, of the incident particles enter 
the target nucleus to form an unstable 
compound nucleus. Because of the very 
high energy of the projectile, this nu¬ 
cleus is in a highly excited state, ]so 
that in an attempt to restore stabil¬ 
ity it rapidly emits a number of nu¬ 
cleons, each of which requires about 
8 Mev for its release. With 400 Mev 
energy available, the emissioii of 41 
nucleons from the compound hucleus, 
as in the spallation of arsenic referred 
to above, is not altogether surprising. 
Apart from the light that a study of 
the phenomenon must ultimately shed 
on the complex problem of -nuclear 
structure, spallation of various ele¬ 
ments has led to the isolation of a 
number of interesting, previously un¬ 
known, nuclides (§ 10.99). 

Transmutation Potentials: 

Resonance and Energy Levels 

10.66. Certain nuclear transmuta¬ 
tions, such as the Li 7 (p,a) He 4 reaction 
discovered by Cockcroft and Walton 
(§ 9.21), can be detected with incident 
particles of quite low energies, down 
to 0.025 Mev, although the yield in¬ 
creases markedly with increasing en¬ 
ergy. On the other hand, some nuclear 
processes, for example Li 7 (p,n) Be 7 , are 
quite undetectable until the energy of 
the projectiles exceeds a certain mini- 


*This term is based on the verb “to spall," moaning to break up by chipping off small 
fragments, which who HUggostod an appropriate by W, H Sullivan. 
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mum value. In reactions of the latter 
type there is said to be a threshold 
energy, below which transmutation 
cannot take place. The reason for the 
existence of such a threshold for the 
energy is not difficult to understand. 
If the nuclear reaction energy, i.e., the 
Q value, for a given process is nega¬ 
tive, then this particular process can¬ 
not possibly take place unless an 
amount of energy Q, at least, is sup¬ 
plied from an external source. The 
source is, of course, the incident parti¬ 
cle, which must carry with it the requh 
site nuclear reaction energy if the 
given process is to be possible. 

10.67. The threshold energy in such 
cases is somewhat larger, numerically, 
than the reaction energy, the differ¬ 
ence being the energy of the ejected 
particle and of the recoil nucleus, re¬ 
quired for the conservation of momen¬ 
tum. For instance, the value of Q for 
the Li 7 (p,n)Be 7 reaction is about 
— 1.6 Mev, and the minimum energy 
which the protons must have for this 
process to be observed has been found 
to be 1.86 Mev. The neutron is evi¬ 
dently expelled with about 0.2 Mev 
energy, while the residual beryllium 
nucleus carries off a smaller amount. 
However, if the potential barrier for a 
particular reaction should happen to 
be much higher than the reaction en¬ 
ergy, the threshold may greatly exceed 
the Q value. 

10.68. Nuclear reactions of the 
(p,n), (y ,n) and (y,p) types, as well 
as reactions in which two or more par¬ 
ticles are emitted, such as (d,2n) and 
(n } 2n), almost invariably have nega¬ 
tive Q values and hence exhibit defi¬ 
nite energy thresholds. When the en- 
ergy of the incident particle or radia¬ 
tion exceeds this amount the efficiency 
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(or yield) of the process increases 
rapidly. 

10.69. For reactions having positive 
Q values, there may be a detectable 
yield at low projectile energies if the 
potential energy barrier, either for 
the incident or for the emitted parti¬ 
cles, is not high. If the barrier is high, 
there may be an apparent threshold 
energy, but it will probably not be 
very definite. In all cases, whether 
there is a threshold or not, the yield 
of a given nuclear process increases 
with the energy of the incident parti¬ 
cle, provided there is no competitive 
reaction. A limit is reached as the 
energy approaches the maximum re¬ 
pulsion energy, that is, the value at 
the top of the hypothetical energy 
barrier (§7.28). Almost invariably, 
however, competing reactions cause 
the yield to decrease at high energies. 

10.70. In certain instances it has 
been observed that instead of increas¬ 
ing regularly with increasing energy 
of the projectile, the efficiency of the 
process becomes exceptionally high in 
the region of certain particular ener¬ 
gies. In the Al 27 (a,p) Si 30 reaction, for 
example, the yield of protons in¬ 
creases with the energy of the alpha 
particles, but for energies of 4.0, 4.49, 
4.86, 5.25, 5.75 and 6.61 Mev the yields 
are markedly in excess of the general 
trend. This effect, which was predicted 
by the English physicist R. W. Gurney 
in 1929, is ascribed to a phenomenon 
known as wave-mechanical reso¬ 
nance* If the energy of the compound 
nucleus formed by the capture of the 
projectile happens to Correspond fairly 
closely to one of its excited energy 
levels (§4.83), then there is an in¬ 
creased probability that the com¬ 
pound nucleus Will be formed. In other 
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* The term is used in this connection becmise of the analogy with the phenomenon which 
physicists call resonance, whereby energy can be luinsf erred from one vibrating wyslem to 
another having the sumo vibrrtlion frequency. 
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Words, when this energy condition 
exists, the incident particle has an ex¬ 
ceptionally high probability of pene^ 
trading the potential energy barrier 
which resists its entry into the target 
nucleus. The alpha-particle energies 
reoorded above, for which the proton 
yields in the Al 27 (a,p)Si 30 reaction are 
high, are presumably the resonance 
energies corresponding to the energy 
levels in the compound nucleus. It will 
be seen in Chapter XI that the reso¬ 
nance phenomenon is particularly 
common, as well as exceptionally iim 
port ant, in reactions of the (n,y) type. 

10,71, A study of the ranges of the 
particles emitted in nuelear reactions 
has revealed the fact that they do not 
necessarily all have the same range 
and, hence, the same energy. In some 
cases the particles are liberated in two 
or more groups; those in each group 
have the same energy, but the energies 
of the various groups are different. In 
the B^°(a,p)C 13 reaction five groups of 
protons have been detected, and in 
AF 7 (a,p)Si 30 four such groups have 
been observed. It is probable that the 
emission of each group of protons 
leaves the product nucleus in a differ-- 
ent energy state. When the protons of 
maximum energy are expelled, the 
product is presumably in its lowest 
nuclear energy level, that is, in the 
ground state. Each group with sue*, 
oessively smaller energy corresponds 
to a successively higher energy level 
of the product nucleus. When the lat^ 
ter is in one of these excited states it 
will return to the ground state emit*, 
ting, at. the same time, gamma radia¬ 
tion. If the arguments presented here 
nre correct, the energy of the radiation 
should correspond to the difference in 
energy of two proton groups. By study* 
ing the recoil electrons produced by 
the radiation (§0.5), this expectation 
bus been confirmed. 


10.72. The results described above 
provide information concerning the 
energy levels of the compound nucleus 
and of the product nucleus, respec¬ 
tively. Advantage has also been taken 
of nuclear excitation processes, caused 
by inelastic scattering of charged par¬ 
ticles or neutrons and by Coulomb 
excitation, to throw light on the, energy 
levels of many nuclei. The excited nu¬ 
clear state formed may be extremely 
unstable, so that it loses its additional 
energy almost instantaneously, or it 
may exist for an appreciable time. 
In any event, the excess energy is 
ultimately emitted as one or more 
photons of gamma radiation. The en¬ 
ergies of these rays, as determined di¬ 
rectly or from internal conversion elec¬ 
trons (§ 7.106), are related to the en¬ 
ergy levels of the nucleus, just as for 
the gamma rays accompanying radio¬ 
active changes (see Fig. 7.10), 

Nuclear Cross Sections 

10.73. The probability or (effi¬ 
ciency) of a nuclear reaction can be 
defined in terms of the number of 
particles emitted, or of nuclei under¬ 
going transmutation, for a specified 
number of incident particles. A more 
general, uniform method, which has 
been widely adopted, is to express the 
relative efficiency by means of a 
quantity called the nuclear cross sec¬ 
tion. It represents the effective area 
of cross section of a single nucleus of 
a given species for a particular reac¬ 
tion. Thus, when the probability of the 
process is high, the sorcalled nuclear 
cross section will be large; on the other 
hand, when the probability is low, the 
cross section will be small. 

1Q.74. If / ie the number of incident 
particles striking in a given time a 
1 eq. cm. area of the target material, 
containing N target nuclei (or atoms), 
and A m the number of those nuclei 
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which undergo interaction in the speci¬ 
fied time, then the nuclear cross sec¬ 
tion o-,* expressed as sq. cm. per nu¬ 
cleus, is defined by 

A 

a = —: sq. cm. per nucleus. (10,1) 
NI 

10.75. The description of o- as a nu¬ 
clear cross section may be justified in 
the following manner. Suppose o- sq. 
cm. is actually the area per nucleus 
effective for a given transmutation 
process; since the material of the tar¬ 
get surface contains N nuclei (or 
atoms) per sq. cm., the effective area 
per sq. cm. of total surface is conse¬ 
quently (tN sq. cm. In other words, 
<tN is the fraction of the surface which 
is capable of taking part in the nu¬ 
clear reaction. This also represents the 
fraction of the incident particles 7 
falling on the target surface which will 
be involved in the process. The num¬ 
ber actually reacting is thus <jNI , and 
this will be equal to A , the number of 
target nuclei undergoing transmuta¬ 
tion, so that 

A = <tNI . 

Comparison of this result with equa¬ 
tion (10.1), which provides the formal 
definition of <t, shows the two to be 
identical. Hence, it is justifiable to 
regard o- as the effective cross section 
of a single nucleus for a given nuclear 
reaction. 

10.76. Since A is the number of tar¬ 
get nuclei reacting, whereas N is the 
total number of such nuclei per sq. 
cm., the quantity A/N is the number 
of nuclei, and hence of incident parti¬ 
cles, taking part in the process per 
single target nucleus. Upon dividing 
by the total number 7 of particles fall¬ 
ing on 1 sq. cm. of the target, the re¬ 
sult A/NI } which is equal to <r, by 

* Greek sigma; this symbol is invariably us 
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equation (10.1), is the fraction of the 
particles falling on 1 sq. cm. of target 
that interact with a single ; nucleus. 
This represents a useful alternative 
definition of the cross section which 
brings out its relationship to the prob¬ 
ability of the nuclear reaction; obvi¬ 
ously, the larger the fraction of the 
incident particles reacting, the greater 
is the probability that the process 
will occur under the given conditions. 

10.77. The value of the nuclear 
cross section depends not only on the 
nature of the target element, but also 
on the particular reaction under con¬ 
sideration, and the energy of the inci¬ 
dent particle. A given nucleus, such as 
Li 7 , for example, will in general have 
different cross sections for the reac¬ 
tions Li 7 (p,n)Be 7 and Li 7 (p } a) He 4 , 
which occur simultaneously. The val¬ 
ues represent the probabilities of the 
two processes for protons of a speci¬ 
fied energy, and the ratio will usually 
change with the energy of the incident 
particles. 

10.78. When the nuclear cross sec¬ 
tion for a particular reaction is re¬ 
quired, it is necessary to determine the 
number of nuclei taking part, either 
by counting the particles, such as neu¬ 
trons or alpha particles, respectively, 
which are expelled, or by determining 
the number of product nuclei formed. 
Both of these methods have been used 
in different instances. On the other 
hand, if it is sufficient to know the 
total nuclear cross section for all proc¬ 
esses in which the incident particles 
are absorbed, a simple procedure is 
possible. If 7 0 is the number of inci¬ 
dent particles, in a narrow (or col¬ 
limated) beam, falling in a given time 
on 1 sq. cm. of the target material, 
which is in the form of a sheet of 
thickness x cm., and 7 is the corre¬ 
sponding number of these particles 

d to represent nuclear reaction cross sections. 
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which emerge from the other side of 
the sheet, in the narrow beam, the 
difference 7 0 — 7 having been ab¬ 
sorbed in various nuclear reactions, 
then 



where N is now the number of target 
nuclei per cc., e is the base of natural 
logarithms and a is the total nuclear 
cross section. Hence, it is possible to 
determine the latter from measure¬ 
ments of the intensity of the beam of 
incident particles before and after pas¬ 
sage through the target material.* 

10.79. Experimental values for nu¬ 


clear cross sections are usually in the 
vicinity of 10 -25 to 10~ 23 sq. cm. per 
nucleus, although in exceptional cases 
the results may be extremely small f 
or they may be as high as 10 -20 sq. 
cm. per nucleus. The average diameter 
of a nucleus can be taken to be about 
10~ 12 cm., and so the actual area of 
cross section is approximately 10“ 24 
sq. cm. Since this represents the order 
of magnitude of many nuclear reac¬ 
tion cross sections, a unit, called a 
barn , equal to 10 -24 sq. cm. per nu¬ 
cleus, has been adopted.^ Thus, nu¬ 
clear cross sections are frequently, in 
the range of 0.1 to 10 barns, but they 
are known to vary from 10 -s (or lefcs) 

to 10 6 bams for different reactions. 

: \ 


ARTIFICIAL RADIOACTIVITY 


Radioactive Products of 
Nuclear Processes 

10.80. In the earlier experiments on 
nuclear transmutation, the process oc¬ 
curring was usually inferred from the 
nature of the emitted particle, special 
use being made of cloud-chamber pho¬ 
tographs in this connection. Because 
nuclear reactions are generally per¬ 
formed on such a small scale, in com¬ 
parison with the quantities commonly 
involved in most chemical work, the 
identity of the product could not be 
determined by conventional methods. 
Even mass spectroscopic procedures 
were hardly adequate to deal with the 
minute amounts of product that were 
usually obtained in nuclear processes. 
It was fortunate, therefore, that a 
notable discovery made it possible to 


identify, in many cases, the products 
of nuclear transmutations even when 
they were obtained in amounts which, 
if separated, would not have been 
visible under a microscope. 

10.81. In the course of a study of 
the effect of alpha particles, from the 
naturally occurring radioelement polo¬ 
nium, on the nuclei of certain light 
elements, boron, magnesium and alu¬ 
minum, in particular, I. Joliot-Curie 
and her husband, F. Joliot, to whose 
work reference was made in Chapter 
II (§§ 2.75, 2.117), found that, in ad¬ 
dition to protons, there was an emis¬ 
sion of neutrons and positrons (posi¬ 
tive electrons). This result was not at 
all extraordinary, since the nuclear 
process appeared to be essentially of 
the («,p) type discovered by Ruthjer- 


*For further details, and the arrangements necessary for the inclusion or exclusion of 
scattering, see § 11.69 et seq . 

t Values down to 10"“ sq. cm. per nucleus have been measured, but smaller values un¬ 
doubtedly occur. 

% The term '‘bam” was proposed in 1042 by the American physicists M. G. Holloway and 
C. P, Baker, as the result of a broadly humorous association of ideas. It served the purpose 
of a node word, which wns desirable ftt the time, and seemed appropriate because "a cross 
section of 10" 14 sq. cm. for nuclear processes was really as big as a barn" (Los Alamos Re¬ 
port, LAMS 523). 
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ford, and a neutron and a positron 
could together be regarded as the equi¬ 
valent of a proton. But, early in 1934, 
the surprising fafet was noted that, al¬ 
though the formation of protons and 
neutrons ceased when the source of 
alpha particles was removed, the posi¬ 
trons continued to be emitted. Report¬ 
ing on their results, Joliot-Curie and 
Joliot wrote: “Our latest experiments 
have shown a very striking fact; when 
an aluminum foil is irradiated . . . 
[with alpha particles], the emission of 
positrons does not cease immediately 
when .. . [the source of the alpha par¬ 
ticles] is removed. The foil remains 
radioactive and the emission Of radia- 
tiori decays exponentially as for an 
ordinary [naturally occurring] radio¬ 
element. We observed the same phe¬ 
nomenon with boron and magnesium. 

. . . The transmutation of borori, 
magnesium and aluminum by alpha 
particles has given birth to new radio¬ 
elements emitting positrons. ... It is 
probable that . . . [these Species] arc 
unknown isotopes which are always 
unstable/ 7 * 

10.82. According to the Joliots, the 
nuclear process was actually of the 
(a,ft) type, so that in the interaction 
of alpha particles with aluminum, for 
example, the reaction occurring was 

13 AF + 2 Se 4 -> i 5 P 30 + owh 

The P 30 isotope of phosphorus ob¬ 
tained in this manner-, which is not 
found in nature, would then be the 
radioactive species which decayed 
with the emission of a positron. The 
latter is represented by the symbol 
+ ie°, since it has a single positive 
charge but a virtually zero mass, and 
so the decay process would be 

i 5 P 30 + ic° + i 4 Si 30 , 
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the final product being Si 30 * a stable* 
naturally occurring isotope of silicrim 

10.83. In order to confirm this sug¬ 
gested mechanism, aluminum foil was 
exposed to alpha particles, and then 
dissolved in hydrochloric acid solu¬ 
tion. The hydrogen gas evolved was 
found to carry with it the positron 
emitting activity, presumably in the 
form of phosphine (PH*) containing 
the radioactive phosphorus. Further, 
when the irradiated aluminum was 
dissolved in a mixture of hydrochloric 
and nitric acids, a small quantity of 
sodium phosphate added as carrier 
(§5.29), and then a zirconium salt* 
the precipitate of zirconium phosphate 
carried with it the radioactivity. The 
unstable species, which gives off posi¬ 
trons, hence appears wherever phos¬ 
phorus, in the form of the appropriate 
compound, is to be expected. It is thus 
reasonably certain that the reaction 
of alpha particles on aluminum is of 
the (a, n) type, the product being an 
unstable isotope of phosphorus, de¬ 
caying at a measurable rate. Similar 
transmutations occur With boron and 
magnesium, the products being radio¬ 
active nitrogen (N 13 ) arid silicon 
(Si 27 )* respectively. 

10.84. When the phenomenon of ar¬ 
tificial radioactivity , as it is called, 
Was first discovered, Joliot-Curie and 
Joliot suggested distinguishing the un¬ 
stable isotopes by the use of the prefix 
radio, with the riame of the corre¬ 
sponding element; for example* radio¬ 
phosphorus, radionitrogen and radio- 
siliCOh. But this nomenclature, al¬ 
though still in use to some extent* has 
proved inadequate because many ele¬ 
ments exist in several different radios 
active forms. It is consequently the 
present practice to identify a radio¬ 
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* The possibility that artificial fadiottetiye isotopeB, and even UeW elements, might be 
synthesized by nuclear bombardment was envisaged by A. V. Gf*bftN 0 in thri United flt.tttfcs 
at tlio end of 1932. 
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nuclide by giving its half life period 
(§5.46) and its mass number, in ad¬ 
dition to its name or symbol. Thus, 
the radionitrogen obtained by the 
interaction of alpha particles with 
boron would be described as 10.1-min, 
N 13 , since its half life is 10.1 min. 
and its mass number is 13. It may be 
mentioned in this connection that the 
Joliots found the radioactivity of the 
substances obtained by nuclear bom^ 
bardment to decay in an exponential 
manner, just as for the naturally oc¬ 
curring radioelements. It is thus pos¬ 
sible to assign a half life to each 
species, and these have the general 
significance described in Chapter V. 

10.85. In addition to bringing to 
light the existence of radioactive iso¬ 
topes, commonly referred to as radio¬ 
isotopes, of normally stable elements, 
the work described above was impor¬ 
tant for another reason. As its authors 
pointed out: “These experiments give 
the first chemical proof of artificial 
transmutation, and also proof of the 
capture of the alpha particle in these 
reactions.” Evidence for nuclear reac¬ 
tions had previously been based largely 
on cloud-track photographs, and the 
nature of the product had to be im 
ferred. When the latter is radioactive, 
however, it can be identified posi¬ 
tively, and the mechanism of the proe- 
cess can be definitely established. Al¬ 
though the product is obtained in 
infinitesimal amounts, its path in 
chemical reactions can be followed by 
its radioactivity. Since it is an isotope 
of a familiar element, and hence has 
chemical properties which are virtu¬ 
ally identical with the known prop^ 
erties of this element, its identification 
is a relatively simple matter. An indU 


cation of the procedure in the case of 
radiophosphorus was recorded above, 
and other instances will be given later. 

10.86. The announcement of the for¬ 
mation of artificial radioisotopes of 
normally stable elements of low atomic 
number, as the products of alpha-par¬ 
ticle bombardment, naturally aroused 
considerable interest among physicists 
in all parts of the world. In addition 
to confirming the results reported by 
the French scientists, it was soon 
found by others, as the Joliots had 
predicted, that radioactive isotopes 
were formed in many nuclear reac¬ 
tions.* Since 1934, a total of more 
than eight hundred different radio¬ 
active isotopes of all the known ele¬ 
ments, from hydrogen to uranium, 
have been obtained as a result of a 
variety of transmutation processes, 
including fission and spallation. In 
addition, the elements of atomic num¬ 
ber 43 and 61, which are not known 
to occur in nature—at least not with 
any degree of certainty—have been 
isolated in radioactive forms. Several 
elements beyond uranium ]m the 
periodic system, which may have once 
existed in nature but have now de¬ 
cayed almost completely, have been 
prepared, one of them, plutonium, in 
relatively large quantities. The major 
portion of this work has been carried 
out in the United States, and repre¬ 
sents a remarkable achievement (see 
Chapter XVI). 

Identification of Radioisotopes 

10.87. When one or more radioac¬ 
tive nuclides have been produced as a 
result of a transmutation reaction, it 
is necessary to identify the element 
with which each is isotopic, and then 


* In 1933, before the discovery of artificial radioactivity, W. D, Harkins, D, M. Gang and 
H. W. New*a>n, in the United States, had .Huggcsled tlml the Uiiuflimitulimi of fluorine by 
neutroiiN occurred by the F 1B (n,a) N 1 * prorwri, and I hut the product. K HI might decay to the 
Htnble 0 1S hy the emiwion of a beta particle. Tin* pif'dieiion wna Inter confirmed; N ,fl in 
radioactive and cniilN beta, particle*. 
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to assign to it its proper mass number. 

If several active substances are formed, 
as in fission and spallation processes, a 
partial or complete separation is neces¬ 
sary. In any event, it is frequently 
desirable to separate a product from 
the target element in order to obtain 
material of higher specific activity, 
that is, with a greater activity per 
unit mass (§17.36). The methods of 
separation, which are quite similar to 
those employed for the natural radio¬ 
elements (§5.29), will be referred to ' 
again later in connection with the 
identification of the products of nu¬ 
clear fission (§ 13.76). For the present, 
all that is necessary is to suppose that 
the active material to be studied is 
available in a form in which the radio¬ 
activity is definite enough to be meas¬ 
urable, and that if more than one 
substance is present, the half lives are 
such that each can be distinguished 
from the other. These requirements 
are not too exacting, and are usually 
met without difficulty, except when 
fission and spallation products are 
involved. 

10.88. Having secured the material 
in suitable form, the next step is to 
study the rate of decay, so that the 
particular species, characterized by its 
half life, may be identified. For this 
purpose a suitable radiation counter, 
as described in Chapter VI, is used. 
High-speed positrons, expelled from 
some artificially radioactive nuclei, 
produce ionization in their path, just 
as do electrons, so that they can be 
counted in the same manner. Since 
most artificial radionuclides have half 
lives which are neither extremely short 
nor excessively long, they can gen¬ 
erally be evaluated by plotting the 
logarithm of the counting rate, deter¬ 
mined after various intervals of time, 
against the time, as indicated in § 5.51 

*Anollicr runr of :i Hnincwlml. (lilTrrrut. Iy| 
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and illustrated in Fig. 5.3. If the sub¬ 
stance under examination contains two 
or more active species, each can be 
identified by its half life, provided the 
values are sufficiently different. 

10.89. Since the half life is a definite 
property of a particular nuclide which 
is independent of its physical condi¬ 
tion or of its state of combination, it 
provides a simple and virtually in¬ 
fallible means for keeping track of 
the given species through a series of 
physical and chemical processes. Be¬ 
cause radiation counters can record 
individual particles emitted by radio¬ 
active elements, the latter can be 
detected in amounts as small as 10 -12 
gram, or less (§ 17.35). Such amounts 
are, of course, far beyond the reach of 
ordinary conventional analytical pro¬ 
cedures. 

10.90. In order to determine the par¬ 
ticular element with which the active 
species is isotopic, the experimental 
material is dissolved in a suitable 
manner, and stable compounds of two 
or three suspected elements are added 
to the solution. One or other of these 
elements should be isotopic with the 
radioactive substance, and hence 
should act as a carrier (§5.29) for it, 
since their properties will be identical. 
Familiar chemical and physical 
methods of separating the elements are 
then applied, and the behavior of the 
active material can be readily traced 
by determining the radioactivity of 
various parts of the system during the 
course of separation. 

10.91. The procedure may be illus¬ 
trated by means of a simple example.* 
A sheet of iron was bombarded with 
5.5-Mev deuterons, when it was ob¬ 
served to develop a beta-particle 
activity with a half life of 45 days. 
The active species might possibly be 
isotopic with the target material, iron, 

|h> in (IcHcrihrd in S 10.110. 


297 


Nuclear Transmutation and Artificial Radioactivity 


if the transmutation process were of 
the (d,p) type, or it might be a form 
of manganese, resulting from a (d,a) 
process, or of cobalt, if the nuclear 
reaction were of the (d,n) type. Hence, 
after exposure to deuterons, the iron 
sheet was dissolved in hydrochloric 
acid and oxidized to the ferric state 
by means of nitric acid. Small amounts 
of manganous and cobalt chlorides 
were then added so that the solution 
contained manganese, iron and cobalt, 
and it was necessary to find with 
which of these elements the 45-day 
activity would be associated when 
separated from the others. The solu¬ 
tion was made 6N with respect to 
hydrochloric acid and then extracted 
with ether, which is able to dissolve 
the ferric chloride, but not the chlorides 
of cobalt and manganese. The activity 
was found to pass into the ether solu¬ 
tion, indicating that the radioactive 
species was isotopic with iron. After 
extracting the solution several times 
with hydrochloric acid, to remove all 
traces of manganese and cobalt, the 
ferric chloride was converted into solid 
ferric oxide and the half life of the 
activity determined. It was found to 
be 45 days, as in the original material 
after bombardment, and so the active 
product was in all probability an iso¬ 
tope of iron. 

10.92. Now the element has been 
identified, it is necessary to consider 
the more difficult task of determining 
its mass number. When appreciable 
quantities of material are available, 
as has been the case with the slow- 
neutron fission products of uranium- 
235, mass-spectrographic methods can 
be used successfully to yield unequiv¬ 
ocal results. In other instances, how¬ 
ever, indirect procedures must be 
adopted. The so-called cross bombard¬ 
ment method generally employed is to 
try to obtain tho particular species 


by a number of different nuclear reac¬ 
tions; from the results it is often pos¬ 
sible to infer the mass number of the 
active nuclide. For example, in order 
to assign a mass number to the 45-day 
isotope of iron, cobalt oxide was ex¬ 
posed to the action of neutrons of 
moderate energy, when it was ob¬ 
served that a 45-day beta activity de¬ 
veloped. Upon dissolving the resulting 
material in hydrochloric acid and add¬ 
ing ferric and manganous chlorides, 
it was found that the activity could 
be extracted together with the ferric 
chloride by means of ether, as de¬ 
scribed above. It is evident, therefore, 
that deuteron bombardment of ja 
stable isotope of iron, and neutron 
bombardment of a stable isotope bf 
cobalt, produce the same radioisotope 
of iron. 

10.93. The process occurring in the 
former case must be of the (d,p) type, 
as stated above, since the atomic num¬ 
ber remains unchanged, and so it fol¬ 
lows that the mass number of the 
product must exceed that of the target 
nucleus by unity. The stable isotopes 
of iron have mass numbers of 54, 56, 
57 and 58, and hence the respective 
products of the (d,p) reaction would 
have masses of 55, 57, 58 and 59. Since 
the mass numbers 57 and 58 are those 
of stable isotopes of iron, it follows 
that the unstable 45-day radioiron 
must have a mass number of either 55 
or 59. 

10.94. A choice between these values 
may be made by considering the neu¬ 
tron reaction with cobalt in which the 
same isotope of iron is obtained. This 
reaction must be either (n,p) or (n,a ), 
since the atomic number of the product 
(iron) is one unit less than that of the 
target element (cobalt). However, the 
(n,d) reaction is improbable, since this 
requires neutrons of very high en¬ 
ergy, and hence it must be concluded 



















298 Sourcebook on 

that the process under consideration 
is Co (n,p)¥e; the product must then 
have the same mass number as the 
transmuted isotope of cobalt. The 
stable isotopes of the latter have mass 
numbers of 57 and 59, and so the mass 
of the radioiron formed must be 57 
or 59. Since the value, as seen above, 
is either 55 or 59, it is at once evident 
that the correct mass number is 59. 
The radioactive isotope of iron, with 
a half life of 45 days, is thus to be 
represented by the symbol Fe 59 . 

10.95. The foregoing example may 
be taken as more or less typical of the 
general cross bombardment procedure 
adopted for the assignment of mass 
numbers. When the particular radios 
isotope can be obtained in several dif¬ 
ferent ways, the problem is simplified, 
but a decision may be more difficult 
when the target elements have many 
isotopes. 

Decay of Artificial Radioisotopes 

10.96. The first artificial radioiso-' 
topes to be identified decayed by the 
emission of positrons (§10.81), but 
later investigations showed that other 
types of decay were even more com* 
mon. The emission of alpha particles 
has hitherto been detected for a few 
elements with atomic numbers less 
than 83, as will be indicated shortly. 
On the other hand, beta activity, ac* 
companied by the emission of (nega¬ 
tive) electrons, has been observed with 
the majority of artificial radionuclides. 
Prior to the year 1947, the known 
positron-emitting species were re¬ 
stricted to elements of moderately low 
atomic number, but nuclear trails* 
mutation by spallation has led to the 
isolation of several such radioisotopes 
of fairly high atomic number, arid 
more are to be expected. In addition 
to decay by the emission of electrons 
and positrons, other types of radio¬ 
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active change, which will be described 
below, have been observed. 

10.97. It will be seen in Chapter XII 
that among the more than two hun¬ 
dred and seventy stable nuclides, 
existing in nature, the ratio of neutrons 
to protons in the nucleus falls within 
a somewhat limited range, which 
varies with the atomic number. If 
in a particular species the neutron-to- 
proton ratio is larger than the stabil¬ 
ity range, the isotope will be unstable. 
The latter could acquire stability, or 
at least become more stable, if a neu* 
tron were replaced by a proton, thus 
decreasing the ratio of neutrons to 
protons. As can be seen from equation 
(7.11), this is precisely what happens 
when a nucleus expels a negative elec¬ 
tron, that is, a beta particle. Hence 
nuclei containing too many neutrons 
for stability are negative beta*active. 
Such species have mass numbers which 
are larger than those of the stable 
isotopes; for example, C 14 , N 18 , O 19 , 
Al 28 , Cl 38 , Fe 59 and Br 83 . These nu¬ 
clides are often obtained in (d,p), 
(n,p ), (n,a ), (n,y) and (y,p) processes, 
since the product in each case has a 
larger ratio of neutrons to protons 
than does the target element. 

10.98. When the neutron-to-proton 
ratio of a nuclide lies below the range 
for stable existence, this neutron-defi¬ 
cient nucleus will tend to change in 
such a manner as to replace a proton 
by a neutron. There are three ways 
in which this can occur: one is the 
emission of a positron, the second is 
the expulsion of an alpha particle, and 
the third is the capture of an orbital 
electron (§10.105). Positron activity 
is commonly observed with isotopes 
having rrlass nurrtbers smaller than the 
stable values. Examples of this type 
ate OW N 13 , 0 1( \ Al 28 , Cl a) \ Fe 83 and 
Br 7R , which may be computed with the 
electron-emitting isotopes of the same 
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respective elements given above. Nu¬ 
clear reactions of the ( p } n ), (d,n), 
(a,n), (n,2n), ( y ,n) and (y,2 n) types 
result in a decrease in the relative pro¬ 
portion of neutrons, so that the 
products are frequently positron 
active. 

10.99. In high-energy, spallation re¬ 
actions, it frequently happens that the 
nucleons which split off first are neu¬ 
trons, leaving neutron-deficient nuclei 
with atomic numbers not very differ¬ 
ent from those of the target element. 
Such nuclei are radioactive and decay, 
as is to be expected, by the emission 
of positrons. 

10.100. In a few instances, of which 
Cu 64 is a notable example, discovered 
by C. C. Van Voorhis in the United 
States in 1936, radioactive decay oc¬ 
curs with the emission of both posi¬ 
trons and negative electrons. This is 
a type of branched disintegration 
(§ 5.60) in which some nuclei decay in 
one manner and some in the alternative 
rtianner, the half life being the same in 
each case. It is of interest to note 
that the mass numbers of the stable 
copper isotopes are 63 and 65, so 
that Cu 64 has a neutron-to-proton ra- i 
tio which lies between the values for 
the two stable species. 

10.10!. It was seen in Chapter VIII 
that when a radioelement emits a neg¬ 
ative beta-particle, the product has 
the same mass number as the parent, 
but its atomic number is greater by 
One unit. This rule applies, of course, 
to any radioactive nuclide, natural or 
artificial When a positron is emittedj 
the mass number is still unchanged, 
ut the atomic number of the product 
ie how one unit less than that of the 
parent. This conclusion follows im* 
mediately from the postulate made 
ih § 7.55, that positron emission is 
associated with the replacement of 
a proton by a neutron. The oliahge 


clearly leaves the total mass un¬ 
affected, but decreases the number of 
protons, and hence the nuclear charge 
and the atomic number, by unity. The 
same conclusion is reached by balanc¬ 
ing the mass numbers and atomic 
numbers, as is the general practice in 
equations for nuclear reactions. Thus, 
considering the two modes of decay of 
cnpper-64, the equations are 
I 

29 Cu 64 -► + 1 e° + M Ni M 

2 9 Cu 64 -> + M Zn 64 , 

where + iC° and _!e° represent a posi¬ 
tron and an electron, respectively. The 
products are stable isotopes of nickel 
and zinc, both of which are found in 
nature. 

10.102. For many years, the only 
known alpha emitters, apart from a 
naturally occurring samarium isotope, 
ivere nuclides of atomic number 83 or 
more. In September 1949, S. G. Thomp¬ 
son, A, Ghiorso, J. O. Rasmussen and 
G. T. Seaborg of Berkeley issued a pre¬ 
liminary report of the discovery of 
alpha-active isotopes of gold; and 
mercury (atomic numbers 79 and 80), 
and, much more significantly, of cer¬ 
tain rare-earth elements, with atomic- 
numbers in the region of 60 to 66 and 
mass numbers of about 150. By bom¬ 
barding the oxides of samarium, gado¬ 
linium and dysprosium with 200-Mev 
protons, several alpha-particle activi¬ 
ties, possibly due to isotopes of gado¬ 
linium, terbium, and dysprosium, were 
detected. The capture of the high- 
energy proton is probably accom- : 
panied by the emission of several neu¬ 
trons, leaving neutrOn-deficient nuclei, 
such as flfiTb 140 and e 6 t)y 1B0 . A possible 
reason why these nuclides decay by 
the emission of alpha particles, as 
well as, in nil probability, by positron 
emission or electron capture, will be 
indicated in § 12.110. In addition to 
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neodymium-144 and samarium-147 
which occur in nature, the following 
alpha-particle emitters have been ob¬ 
tained by nuclear reactions: samar¬ 
ium-146, europium-147, gadolinium- 
148, -149 and -150, terbium-149 and 
-150, and dysprosium-150, -151 and 
-152. 

10.103. With the majority of, al¬ 
though not with all, artificial radionu¬ 
clides, other than those obtained by 
nuclear fission and spallation, the im¬ 
mediate decay product is a stable 
species. The result is not surprising 
if it is recalled that the radioisotopes 
are usually obtained by a simple trans¬ 
proton + electron 
mass 1 0 

charge +1 — 1 

mutation in which a particle enters a 
stable nucleus and another particle is 
expelled. In spallation, however, the 
splitting off of several nucleons, as 
indicated earlier, may leave a product 
that is two or three, or possibly more, 
stages removed from stability. Short 
chains, involving two or three succes¬ 
sive positron emissions, are then pos¬ 
sible before a stable nuclide is reached; 
thus, representing the positron by /?+, 

34 Se 71 33 AS 71 32Ge 71 —> 3iGa 71 , 

where Ga 71 is a known stable isotope 
of gallium. 

10.104. For reasons which will be 
made clear in Chapter XIII, the prod¬ 
ucts of nuclear fission usually contain 
several more neutrons than is permis¬ 
sible for stability. These substances 
consequently decay by the emission 
of negative beta-particles (/?“), and 
several chains of four or five disinte¬ 
gration stages have been observed; one 
instance is the series 
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the end product, being the most 
abundant stable isotope of zirconium. 

Orbital-Electron Capture 

10.105. In some instances, where the 
ratio of neutrons to protons is low, 
and hence positron activity would be 
expected, another type of decay has 
been found to occur with artificial 
nuclides. Instead of a proton being 
converted into a neutron w T ith the 
emission of a positron, the nucleus 
captures one of the extranuclear 
(orbital) electrons, which immediately 
combines with a proton to form a 
neutron; thus, 

—► neutron + neutrino (10.3) 

1 0 

0 0 

with a neutrino being formed at the 
same time.* It will be seen that this 
process provides an alternative to that 
represented by equation (7.13) for the 
replacement of a proton by a neutron, 
thus increasing the neutron-to-proton 
ratio. The product of this type of 
radioactivity would have the same 
mass number as its parent, but its 
atomic number would be one unit 
lower, just as in the case of positron 
emission. The decay of an unstable 
species, such as Fe 55 , by orbital elec¬ 
tron capture, can be represented by 
the equation 

26 Fe 55 + _ie° 2 bMii 55 , 

the electron which is captured by the 
iron nucleus being indicated by _ie° 
on the left-hand side. 

10.106. The phenomenon described 
above is referred to as decay by or¬ 
bital-electron capture . The electron is 
usually captured from the first quan¬ 
tum level, i.e., the K level (§ 4.72), for 
such an electron is more likely than 


36 Kr 9 ° £ 37 Rb 90 £ asSr 90 39 Y 90 £ <oZr e °, 

* Since the orbital electron has a definite energy, the neutrino should also have a definite 
amount of energy, and not a range of energies as in positron or electron cmmsion. 
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any other to be found near the nucleus; 
consequently, the expression K-elec- 
tron capture or, in brief, K-capture is 
often employed. Instances of an elec¬ 
tron being captured from the L level 
are known, although they are not com¬ 
mon. The possibility of orbital-electron 
capture as an alternative to positron 
emission was predicted by the Japa¬ 
nese mathematical physicists H. 
Yukawa and S. Sakata in 1936, and 
proof of its reality was obtained in 
the United States by L. W. Alvarez in 
1938. 

10.107. The detection of orbital- 
electron capture depends on the fact 
that the removal of the extranuclear 
electron leaves a vacancy in the ap¬ 
propriate quantum level, usually the 
lowest (or K) level. An electron from 
one of the higher energy levels will 
then immediately move in to fill the 
vacant position, and the excess energy 
will be emitted as the corresponding 
characteristic X-ray, as described in 
§ 4.72. Since the orbital-electron cap¬ 
ture must precede the electronic tran¬ 
sition and the emission of X-rays, the 
latter will be characteristic of the 
product nucleus with an atomic num¬ 
ber one unit less than that of the radio¬ 
active species. A case in point is the 
330-day vanadium isotope of mass 
number 49; the decay of this nuclide 
was found to be accompanied by the 
characteristic X-rays of the K series 
belonging to the element titanium 
which precedes it in the periodic sys¬ 
tem. The intensity of the X-rays falls 
off as the active material decays. It is 
evident, therefore, that V 49 decays by 
X-electron capture. 

10.108. If, as a result of orbital- 
electron capture, the product nucleus 
is left in its ground state, the change 
will not be accompanied by gamma 
rays; such behavior, of which the 330- 
day W 4U provides an example, is re¬ 


ferred to as pure K-capture . In most 
instances, however, the product nu¬ 
cleus is formed in- a high-energy 
(excited) state and the excess energy 
is given off in the form of gamma 
radiation. Quite frequently, too, this 
radiation is internally converted 
(§ 7.106); that is to say, the energy 
of the gamma-ray photon is trans¬ 
ferred to an orbital electron which is 
consequently ejected. The result is a 
“line” spectrum of electrons of defi-! 
nite energy, associated with X-rays 
characteristic of the product element.' 
The latter would, of course, be indis¬ 
tinguishable from those due directly tq 
orbital-electron capture. 

10.109. Under all known conditions^ 
the rates of spontaneous nuclear re^ 
actions, such as radioactivity,' have 
been found to be independent of the 
physical or chemical state of the 
radioelement. However, a particular 
case of orbital-electron capture, 
namely, that by beryllium-7, provides 
an interesting exception. This element 
has only four electrons and, in .1947, 
E. Segr h in the United Stated and 
R. Daudel in France independently 
predicted that the rate of electron 
capture by the nucleus, i.e., the half, 
life, might depend on the state of 
chemical combination, since this would 
affect the electron density close to 
the nucleus. The existence of a small 
but definite effect of this nature was 
demonstrated by several experi¬ 
menters. In the uncombined (metallic) 
form, for example, the half life of 
beryllium-7 for orbital electron capture, 
is about 0.013 per cent greater than' 
in the oxide (BeO) and 0.074 per cent 
greater than in the fluoride (BeF 2 ). 

Conditions for Positron 

Emission and Electron Capture 

10.110. It will bo shown presently 
Mint certain energy conditions are noo- 
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essary for positron emission to be pos¬ 
sible. Since orbital-electron capture 
leads to the same disintegration prod¬ 
uct, this process of decay may occur 
simultaneously with the positron ac¬ 
tivity. If the energy requirements are 
not met, however, orbital-electron cap¬ 
ture takes place exclusively, with or 
without accompanying gamma radia¬ 
tion. Suppose that in a particular 
nuclide the ratio of neutrons to pro¬ 
tons is smaller than the value needed 
for stability, so that positron emission 
is conceivable. If the nucleus ejects 
a positron, its mass will decrease by 
mo, where mo is the rest mass of the 
electron, which is the same as that of 
a positron; the rest mass of the ac¬ 
companying neutrino is neglected since 
it is essentially zero, Further, since the 
atomic number of the product is 
smaller by one unit than that of the 
parent radionuclide, the former will 
have one orbital electron less than the 
latter; this will also represent an ad¬ 
ditional decrease of mo in the mass of 
the atom as a whole. It follows, there¬ 
fore, that, when positron emission 
takes place, the isotopic mass of the 
product must be smaller by the 
amount 2mo than that of the positive 
beta-active parent, 

10 .111* Actually this is a minimum 
value, for the mass difference may be 
larger than 2mo, but it cannot be less, 
if positron decay is to be possible. 
Thus, if M (A) represents the isotopic 
weight of the parent element A and 
M(B) that of the product B, the con¬ 
dition for positron emission is 

M(A) ~ Af(P) > 2mo. 

The rest mass of the electron is 0.00055 
on the atomic weight scale; hence, for 
positron emission to be possible, the 
isotopic weight of the parent must 
exceed that of the product by 0.0011, 
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at least. Since the mass difference 
eventually appears as energy, the 
quantity 2mo, i.e., twice the rest mass 
of the electron, may be replaced by its 
energy equivalent; this was shown in 
§3.84 to be 1.02 Mev, so that the 
condition becomes 

M{ A) - M(B) > 1.02 Mev. 

It is seen, therefore, that for positron 
activity to be possible, at least 1,02 
Mev of energy must be available, as a 
result of the loss in mass associated 
with the change from nuclide A to 
nuclide B. Energy in excess of this 
minimum will be shared between the 
ejected positron and the accompanying 
neutrino, although some may appear 
as gamma radiation. 

10.112. When the mass difference 
M(A) - M( B) is such that the mini¬ 
mum of 1.02 Mev of energy is not 
available, then the change from A to B 
will occur by orbital-electron capture, 
assuming as before that the neutron- 
tp-p^oton ratio in the parent nucleus 
is smaller than requisite for stability. 
For this alternative process the energy 
demand is much less stringent. In¬ 
stead of the positron being ejected 
from the nucleus while at the same 
time an orbital electron is expelled, 
as explained above, the same change 
from A to B is now achieved by the 
orbital electron going into the nu¬ 
cleus. The minimum mass difference 
Af(A) —M( B) is now equal to the 
mass of the neutrino, which is virtu¬ 
ally zero; hence, the only requirement 
for decay by orbital-electron capture 
is that M (B) should be less than 
M{ A), the actual difference being of 
no consequence. Any energy that is 
available due to the isotopic weight oS 
the product being appreciably less 
than that of the parent will appear as 
g&mmq radiation, apart from some 
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which may be carried off by the 
neutrino in equation (10.3) .* 

10.113. When competition between 
decay by electron capture and by 
positron emission is possible, the 
former process is favored by factors 
which increase the half life of the 
parent element. From the facts re¬ 
lated in Chapter VIl, it is apparent 
that, for similar beta transitions, the 
smaller the maximum energy of the 
positions, the longer will be the half 
life. It is to be expected, therefore, 
that the extent of electron capture will 
increase as the positron energy de¬ 
creases. In other words, as the energy 
of the radioactive change approaches 
the minimum value of 1.02 Mev, the 
probability of decay by positron emis¬ 
sion decreases while that of electron 
capture increases. When the energy is 
less than 1.02 Mev, the latter process 
occurs exclusively. Two other factors 
tend to favor orbital-electron capture 
relative to positron emission: one is 
high atomic number and the other is 
a large difference in the ttuclear-spin 
quantum numbers of the parent and 
product nuclei. Positron emission is 
very rare among the heaviest ele¬ 
ments, although Several Cases of K- 
capture have been recorded. 

Nuclear IsomerisM 

10.114. Another type of radioactive 
decay, i.e., by isomeric transition, has 
been brought to light by a study of 
artificial radionuclides, although it is 
actually an aspect of the familiar 
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gamma-ray emission. The possibility 
that there might exist nuclides having 
the same mass number and also the 
same atomic number, that is to say, 
isobaric isotopes , but possessing dif¬ 
ferent radioactive properties was 
envisioned by F. Soddy in 1917. Sub- 
Stances of this type have now become 
known as nuclear isomers, based oil 
the suggestion made by (Frl.) L* 
Meitner in 1936, and the phenomenon 
has been called nuclear isomerism .f ! 

10.115. The first evidence for the 
existence of nuclear isomers came in 
1921 from the German radiochemist 
O* Hahn, who found uranium Z to be 
isotopic with and also have the same 
mass number as uranium X 2 * although 
differing from it in its rate of decay* 
For several years this was the only 
case of nuclear isomerism which? could 
be regarded as substantiated* but 
around 1935 indications came from 
several different directions that other 
nuclides, notably one of the artificial 
radioisotopes of bromine, exist in iso¬ 
meric forms. Since that time about 150 
examples of nuclear isomerism 1 have 
been discovered, and the phenomenon 
of decay by isomeric transition, that 
is, by the spontaneous conversion of. 
one nuclear isomer into another, has 
been elucidated. In most instances 
there are isomeric pairs only, but 
triple isomerism has been observed in 
a few cases. 

10 .116. When a target containing 
bromine was bombarded with slow 
iieutroiis the product Was found to 


* It may be remarked here that in negative beta-decay, i.e., in electron emission, the mass* 
of the nucleus decreases by mo, but there is a corresponding increase in the mass of the 
orbital electrons, the number of which is increased by unity. There are thus no energy 
restrictions, apart from the neutrino mass, and the conditions are similar to those for 
orbital-electron capture. Some Writers in fact speak of the negative-electron emission afad 
the otbital-electron capture processes as being the reverse of each other, but this is probably 
not strictly true. 

t Chemists are, of course, familiar with the terms unmet and isomerism, from the Greek 
too (same) fhetoe (part), as applied to compounds having Identical compositions and molec¬ 
ular weights but differing In their properties, 
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exhibit three different half-life periods 
of radioactive beta-decay, namely, 18 
min., 4.5 hr. and 36 hr.* This result 
was surprising because the reactions of 
slow neutrons with moderately heavy 
nuclei are invariably of the (n,y) type, 
and since ordinary bromine consists of 
only two isotopes, mass numbers 79 
and 81, not more than two radioactive 
products, Br 80 and Br 82 , were to be 
expected; thus, 

ssBr 79 + o^ 1 -► 3 B Br 80 + 7 

3 B Br 81 + o n 1 —> ssBr 82 + y. 

10.117. The same three decay peri¬ 
ods were also observed following the 
bombardment of bromine with deu- 
terons; here again the products Br so 
and Br 82 were to be anticipated as a 
result of processes of the (d,p) type 
involving the stable 79 and 81 iso¬ 
topes. It appeared certain, therefore, 
that the two radioisotopes of bromine 
Br 80 and Br 82 between them decay 
in three different ways, so that one of 
these nuclides decays at two different 
rates. The identity of the isotope ex¬ 
hibiting the dual decay was estab¬ 
lished in the following manner. The 
action of gamma rays on bromine ac¬ 
cording to the (y jri) processes 

, ssBr 79 + y -► 3 B Br 78 + 0 n 1 

36 Br 81 + 7 —> 3 B Br 80 + on 1 

leads to the formation of two products, 
Br 78 and Br 80 , with three decay periods, 
the half lives now being 6.4 min., 
18 min. and 4.5 hr. Since the Br 80 iso¬ 
tope is formed in both the (n, y) and 
(y,n) reactions, and the 18 min. and 
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4.5 hr. periods are observed in both 
cases, it is apparent that it is this 
isotope which is associated with two 
modes of decay. 

10.118. The explanation offered for 
this behavior is that Br 80 exhibits nu¬ 
clear isomerism, each isomer having a 
different half life.f As will be seen 
below, a separation of the two nuclear 
isomers is possible; one is then found 
to decay with a half life of 18 min. 
and the other with a period of 4.5 hr. 
The difference between the nuclear iso¬ 
mers of Br 80 , and in fact of all other 
cases of nuclear isomerism, is attrib¬ 
uted to a difference in nuclear energy 
states: one isomer represents the nu¬ 
cleus in its ground state, while the 
other is the same nucleus in an excited 
state of higher energy. As a general 
rule, the transition from a higher to a 
lower nuclear energy level, which is 
associated with the emission of gamma 
rays, requires a very short time, prob¬ 
ably less than 10~ 13 sec. The excited 
state then has an extremely short life. 
If the transition is “forbidden” to 
some extent, the high-energy (excited) 
state, referred to as a metastable% 
state, will have an appreciable life, 
varying from a small fraction of a 
second to several days. Such a meta¬ 
stable, excited state represents one 
isomeric form of the particular nuclear 
species, whereas the ground state, that 
is, the state of lowest energy, repre¬ 
sents the other. In writing the syjtnbols 
for isomeric states, the metastable 
form is distinguished by addirig the 
letter m to the mass number, e.g., 

gp 80 m 
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* These are the most recent values which differ slightly from the original determinations, 
t It should be noted that the two decay periods could not be due to branched disintegra¬ 
tion (§5.GO), since this is associated with one such period only, although there are two 
different decay products. Thus, Cu M and As™ which decay by both positive and negative 
beta emission and also by K- capture, have the same half life for each type of decay, 

t The term metastable ia used in physics and chemistry to indicate a state that is not the 
most stable possible under the given condil ions, but is never! he less sufficiently stable to 
have an appreciable independent existence. 
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Types of Nuclear Isomers: 

Isomeric Transition 

10.119. For classification purposes, 
three types of nuclear isomers may 
be distinguished. In the first, referred 
to as isomers with independent decay, 
each isomer decays independently of 
the other with its own particular half 
life. In cases of this kind the transi¬ 
tion from one isomeric state to the 
other, i.e., from the metastable to the 
ground state, is highly forbidden and 
takes place to a very small extent, if 
at all. The transitions are depicted 
in Fig. 10.1, with 7\ and T 2 represent- 
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Fig. 10.1. Isomerism with independent 
decay. 

ing the different half-life periods. In 
the diagram both methods of decay 
have been shown to lead to the same 
(lowest) energy level of the product 
nucleus. But this is not necessarily 
the case, for one or other (or both) 
may yield an excited state of the prod¬ 
uct, which will then emit the excess 
energy as gamma radiation. Examples 
of nuclear isomers with independent 
decay, together with the type of activ¬ 
ity and half lives, are given below; 
the symbols £+ and refer to the 


emission of positrons and electrons, 
respectively, and KC implies decay by 
X-capture. 

Mn 52 (j8+ 5.55 days; /3+, 21.3 min.) 

Co 62 (/3~, 1.6 min.; f$~ 9 13.9 min.) 

Zn 71 (/J~, 3 hr.; 2.2 min.) 

Mo 91 (0~, 66 sec.; (3 ~, 15.5 min.) 

Ag 106 (KC, 8.3 days; 0+ 24 min.) 

Cd 115 (|3~, 43 days; 53 hr.) 

10.120. The second class consists of 5 
genetically related isomers, as repre-' 
sented in Fig. 10.2, in which the meta-^ 
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Fig. 10.2. Genetically related isomers: 
isomeric transition. 

stable state decays to the ground state 
with a definite half life T lt a gamma- 
ray photon being expelled. This is the 
decay process known as isomeric tran¬ 
sition, abbreviated to I.T. In the 
majority of cases the gamma radiation 
is internally converted, so that what is 
observed is a line spectrum of elections, . 
together with characteristic X-rays, ’ 
as is usual with internal conversion 
(§ 7.106) .* The ground state decays to 
form the product with a half life of 


* The X-rays are here those of the radioactive element itself, since this is the species emit¬ 
ting the converted gamma radiation, and so isomeric transition can be distinguished from 
orbital-electron capture where the X-rays remitting from infernal conversion arc flume of the 
product olenient. 
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T 2 , which is different frqm Ag 
befQre^ the product is not necessarily 
formed in its ground state, so that 
gamma radiation may accompany the 
radioactive change. There is also a 
possibility of some direct independent 
decay of the excited, metastable state 
of the parent, as indicated by the 
broken line. Some instances of genets 
ically related isomers, which include 
those of Br 80 , are the following: 

Sc 44 (I.T., 2.44 days; /3+, 3.96 hr.) 

Zn 69 (I.T., 13.8 hr.; 52 pain.) 

Br 80 (I.T., 4.5 hr.; 18 min.) 

Se 81 (I.T., 56.8 min.; 18.2 min.) 

In 114 (I.T., 49 days; 72 sec.) 

Te 131 (I.T., 30 hr.; 0-, 24.8 min.) 

10 .121. It will be observed from the 
foregoing examples that the half life 
of the internal transition process is 
often longer than that of the beta de¬ 
cay, positive or negative, of the ground 
state. As a result, the radioactive sub¬ 
stance emits two groups of beta parti¬ 
cles, corresponding to two distinct half 
lives. One group, associated with the 
shorter half life, is due to decay of 
nuclei originally formed in the ground 
state, while the other group results, 
from' the decay of nuclei in the same 
ground state produced by isomeric 
transition from the metastable excited 
state. It is a well-known law that the 
over-all rate of any change taking 
place ip stages is determined by the 
rate of the slowest of these stages; 
hence in the process 
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they actually originate from the ground 
state, appears equal to the rate of the 
isomeric transition, which is the slower 
stage. 

10 ,122. Isomeric transition is fre¬ 
quently accompanied by the breaking 
of a chemical bond which may make 
possible a separation of the isomeric 
nuclei. A n interesting illustration is 
provided by the isomers of tellurium, 
for example, Te 131 . If to a tellurate 
(Te VI ) solution, containing this radio¬ 
active species, is added some ordinary 
inactive tellurite (Te IV ), then upon 
separating the latter chemically, it is 
found to contain the 24.8-min. isomer. 
The explanation of this behavior is 
that the gamma ray emitted by the 
upper (30-hr.) isomeric state under¬ 
goes internal conversion, resulting in 
the ejection of an electron from a K or 
L level of the product atom, that is, 
from the lower (24.8-min.) isomeric 
state. As a result of what is known as 
the Auger effect, the high energy of 
this inner (K or L) electron is trans¬ 
ferred to one or more of the outer 
(valence) electrons, which are conse¬ 
quently removed from the atom. This 
detachment of valence electrons from 
the 24.8-min. isomer results in the 
breaking of some of the bonds between 
the tellurium and oxygen atoms; con¬ 
sequently, the isomeric transition is 
accompanied by a change from the 
VI to the IV oxidation state, i.e., from 
tellurate to tellurite. Other genetically 
related isomers have been separated 
chemically, and the general explana¬ 
tion of the behavior is analogous to 
that given here for tellurium.* 


IT. £ 

Metastable gtate -4-* Ground State Product, 

the rate of emission of the beta parr 10.123. The third category of nu- 
ticles in the second group, although clear isomerism is that in which the 

*The name “hot-aiom eheuiistyy” is given to the study of chemical reactions resulting 
from the transfer to valence brnda of energy produced in mid tar pmceHnea of various kinds 
(see also § 17.42). 
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active species are isomers of stable nu¬ 
clei. The decay process now merely 
involves an isomeric transition from 
the metastable excited state to the 
ground state of a stable nuclide, ac¬ 
companied by the emission of gamma 
radiation. If this is internally con¬ 
verted, there will be a line spectrum of 
electrons, and the characteristic X-rays 
of the element will be emitted. More 
than thirty stable species, which are 
found in nature, among them Kr 83 , 
Sr 87 , Rh 103 , Ag 107 , Sn 117 , Ba 137 and 
Au 197 , are known to form metastable 
states of appreciable life, from a few 
seconds to several days. In addition, 
isomers with very short lives, such as 
Sm 152 and Dy 160 , with half lives of 
the order of 10 -6 sec., have been re¬ 
ported and it is probable that short¬ 
lived isomers of other stable nuclides 
will be discovered. 

10.124. Isomers of stable nuclides 
are frequently the result of nuclear 
excitation accompanying inelastic 
scattering or Coulomb reactions, as 
already described in preceding sec¬ 
tions. High-energy X-rays and elec¬ 
trons are able to produce similar ex¬ 
citation, so that the products are 
stable nuclides in metastable excited 
states of appreciable life. Isomers of 
stable species are also sometimes 
formed in other nuclear processes; 
examples are, Sr 80 (r&,y)Sr 87m , Kr 82 
(d,p) Kr 83m and Se 80 («,n) Kr 83m . In the 
first two cases, one stable isotope of 
an element is converted into the meta- 
fetable (isomeric) state of another 
stable isotope of the same element. As 
reported earlier, beta decay often 
leads to the formation of the product 
iti an excited state; this may be a 
metastable state of a stable species, as 
is the case for the negative beta-decay 
of Br fia and Sr 89 , the products being 
Kr fi8w and respectively, 


Isomerism and Nuclear Spin 

10.125. The explanation accepted 
for the existence of metastable states, 
and hence of nuclear isomers, of both 
stable and unstable nuclides, is based 
on that proposed by the German phys¬ 
icist C. F. von Weizsacker in 1936.; 
If there is a considerable difference of 
angular momentum, that is, of resul¬ 
tant nuclear spin (§ 4.86), between ah 
excited state and the ground state of; 
a nucleus and the energy difference' 
between the two states is small, then 1 
the transition from the upper to the* 
lower energy state will be “forbid-, 
den.” In other words, the probability 
of the transition will be small, and, on. 
the average, an appreciable time will 
elapse before the excited state loses its 
excess energy and passes intq the 
ground state. When this occurs, the 
nuclear state of higher energy is meta^ 
stable and can have a detectable, inde¬ 
pendent existence; nuclear isomerism 
will then be observed. 

10.126. In recent years, considerable 
effort, both theoretical and experi¬ 
mental, has been expended in elucidat¬ 
ing the behavior of nuclear isomers. 
The transitions leading to the emis¬ 
sion of gamma radiation are found to 
fall into two general classes, called 
magnetic and electric, respectively. 
Electric radiations arise from changes 
in the distribution of the electric 
charge in the nucleus; magnetic radia¬ 
tions, on the other hand, are due to 
changes in the distribution of mag¬ 
netic poles. For the same difference in 
the spin and energy between the 1 nu- ; 
clear states, the magnetic (or M) 
transitions are more highly forbidden 
than those of electric (or E) charac¬ 
ter. 

10.127, For the great majority of 
isomeric nuclei of relatively long life, 
the transitions to the ground (or lower 
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energy) state are of the M4 type, i.e. f 
magnetic transitions accompanied by 
a change of four units in the nuclear 
spin. Examples of transitions of other 
types, e.g., El, . . . , E4 and Ml, . . . , 
M3, have been observed, but, in gen¬ 
eral, for a given excitation energy, the 
life of the metastable isomeric state 
decreases with the change in the nu¬ 
clear spin. Thus, very few Ml, and 
still fewer El, transitions have been 
observed, because of the extremely 
short life of the metastable state. 

10.128. One consequence of the rela¬ 
tionship between nuclear spin change 
and the life of the metastable state is 
the fact that very few isomers have 
been detected among nuclides having 
even numbers of neutrons and of pro¬ 
tons. Because of the pairing of nu¬ 
cleons with opposite spins, the result¬ 
ant spins of these nuclei in the excited 
and ground states are either zero or a 
small integer (§4.86). Consequently, 
the basic condition for a metastable 
state of relatively long life, i.e., a 
large difference in the nuclear spins, is 
not often realized. When a nucleus 
contains an odd number of protons or 
neutrons (or both), theory and experi¬ 
ment show that the resultant half¬ 
integral spins can be quite large, e.g., 
i y 2} especially in the excited states. 
The - occurrence of moderately long- 
lived nuclear isomers is thus to be 
expected. 

10.129. It is of interest to mention 
that the isomeric nuclei with odd mass 
numbers, i.e., having an odd number 
of either protons or neutrons, fall into 
three groups, often referred to as the 
islands of isomerism A The (odd) mass 
numbers in these groups are mainly 
(1) from 39 to 49, (2) from 69 to 81 
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and (3) from 111 to 125. It will be 
seen in Chapter XII that the numbers 
50, 82 and 126 represent closed shells 
of nucleons, so that the islands of 
isomerism occur just before the shells 
are complete. It is in these circum¬ 
stances that the nuclei contain ap¬ 
preciable numbers of nucleons with 
unpaired spins, so that fairly large 
resultant nuclear spins are common. 

10.130. The observed lifetime of a 
metastable state apparently depends 
on the extent to which an alternative 
process, namely, internal conversion 
of the gamma radiation (§ 7.106), can 
occur. The greater the competition 
from the latter, the shorter is the life 
of the nuclear isomer. The extent to 
which internal conversion takes place 
depends on the exact nature of the 
electronic environment of the nucleus, 
and this can be affected, to a minor 
degree, by the state of chemical com¬ 
bination of the atom. An example of 
this behavior has been observed with 
the nuclear isomer of radioactive tech- 
netium-99, i.e., Tc 99m , which has a half 
life of 6.0 hr. for decay to the ground 
state. In the compounds Tc 2 S 7 and 
KTc0 4 the half life of Tc 99m was 
found to be 0.03 and 0.3 per cent, re¬ 
spectively, less than in the metallic 
(elemental) state.f 

Decay by Neutron Emission 

10.131. It may be wondered why, 
in view of the fact that atomic nuclei 
contain protons and neutrons, radio¬ 
active decay does not occur with emis¬ 
sion of these particles. The answer is 
that if a nucleus has sufficient energy 
to release a proton or a neutron, that 
is, at least 8 Mev, the emission usually 
takes place extremely rapidly, prob¬ 


* The existence of these “islands” was pointed out in 1949 by E. Feenberg and K. C. 
Hammack in the United States. , 

t Technetium (atomic number 43) does not exist in nature, but it has been obtained 
artificially (8 16.75). 
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ably in much less than 10~ 12 sec. 
In other words, the particular nuclide 
would be so unstable that it would not 
be regarded as having any real exist¬ 
ence. A few instances have been found 
of unstable nuclei which apparently 
decay by emitting neutrons at a meas¬ 
urable rate, but this result is due to 
incidental circumstances. The phenom¬ 
enon is of the greatest significance for 
the design of nuclear energy reactors, 


bromine isotope of high mass number, 
probably Br 87 . This decays with a 
half life of 55.6 sec. emitting a nega¬ 
tive beta-particle to yield Kr 87 . The 
latter can be formed in a highly ex¬ 
cited state with sufficient energy to 
permit it immediately to eject a neu¬ 
tron (Fig. 10.3), and form a stable 
Kr 86 nucleus. The observed rate of 
emission of neutrons is determined by 
the slow stage in the over-all process, 


Br 07 (55.6 SEC) 



Fig. 10.3. Mechanism of delayed neutron emission. 


as will be seen in later chapters, but 
it is sufficient to state here that the 
fission of uranium and plutonium by 
neutrons is accompanied by the de¬ 
layed expulsion of neutrons. Five or 
six half-life periods, namely 55.6 sec., 
22.5 sec., 4.51 sec., 1.52 sec., 0.43 sec. 
and, possibly, 0.15 sec., have been 
identified. By making rapid chemical 
separations, it has been found that the 
55.6-sec. period follows the chemistry 
of bromine, and the 22.5-sec. period 
follows that of iodine. 

10.132. The explanation suggested, 
in the former case, for example, is that 
one of the products of fission in a 


namely, the decay of the Br 87 . The 
half life for neutron liberation thus 
appears to be 55.6 sec., although the 
actual process in which the neutrons 
are emitted probably occurs very 
rapidly. The 22.5-sec. group of neu¬ 
trons probably originates in an anal¬ 
ogous manner from I 137 produced in 
fission; this emits a negative beta- 
particle, with a half life of 22.5 sec., 
leaving a highly excited Xe 137 nucleus. 
It is the latter which instantaneously 
expels the neutron to form stable 
Xe 18fl , although the apparent decay 
half life is 22.5 sec. 

10.133. A somewhat similar type of 
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behavior was discovered in an entirely 
different connection by L. W. Alvarez 
and his collaborators in 1948. Upon 
bombarding various light elements 
from oxygen to chlorine by means of 
200 -Mev deuterons obtained from the 
184-inch Berkeley synchrocyclotron, 
the emission of neutrons, associated 
with a half life of 4.1 sec., was de¬ 
tected. After making a series of care¬ 
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beryllium with deuterons, boron with 
protons and in other ways. The Li 9 
has a half life of 0.17 sec., emitting a 
beta particle to yield the excited state 
of Be 9 which immediately expels a 
neutron. 

Isotope Charts 

10.134. The information concerning 
the known isotopic species, both stable 
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Fig. 10.4. Portion of an isotope chart. 


fully planned experiments the conclu¬ 
sion was reached that the results could 
be accounted for by the following 
scheme: 

N 17 > O 17 —> O 16 + n 1 . 

4.1 sec. 

The unstable species N 17 is formed in 
the bombardment; this decays with a 
half life of 4.1 sec. emitting an elec¬ 
tron, and leaving a highly excited O 17 
nucleus. The latter then instantane¬ 
ously ejects a neutron, with the stable 
oxygen-16 isotope as the final product. 
A similar example of neutron emission 
lias been observed in connection with 
lithium-9, formed by the reaction of 


and unstable, is usually summarized 
in the form of an isotope chart, as it 
is generally called. In one type of 
chart the atomic number Z, that is, the 
number of protons in the nucleus, is 
plotted as the ordinate, against the 
number of neutrons, equal to A — Z, 
where A is the m$ss number, as the 
abscissa. A simplified portion of such 
g chart is represented in Tig. 10.4. 
Each nuclide is seen to occupy a 
square; those with a shaded back¬ 
ground refer to stable species occur¬ 
ring in nature, while artificial radioac¬ 
tive isotopes have a white background. 
The symbol and mass number are in¬ 
dicated in each case, as well as the 
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types of decay and half lives of the 
unstable nuclides. All species on the 
same horizontal line have the same 
atomic number and hence are isotopic 
with one another. Nuclides with the 
same mass number, i.e., isobars, are 
seen to lie on a series of 45° diagonal 
lines running from upper left to lower 
right of the diagram. 

10.135. Certain features of this iso¬ 
tope chart will be described subse¬ 
quently; for the present it will be uti¬ 
lized to consider nuclear transmuta¬ 
tion and radioactive decay processes. 
When a particular target nucleus com¬ 
bines with a proton, the resulting com¬ 
pound nucleus is represented by the 
next higher square in the same verti¬ 
cal line. Similarly, combination with 
a neutron gives a nucleus occupying 
the next square to the right on the 
same horizontal line. Uptake of a 
deuteron, which consists of a proton 
and a neutron, results in a shift of one 
position vertically upward, and one to 
the right, and so on for other parti¬ 
cles. Emission of a proton, neutron or 
deuteron, of course, results in a re¬ 
versal of these moves on the chart. 
The expulsion of an electron in radio¬ 
active decay, i.e., negative beta-decay, 
gives a product nucleus in which the 
number of protons is increased and the 
number of neutrons is decreased by 
unity. The product therefore occupies 
( the adjacent upper-left diagonal posi- 
. tion from that of the parent. On the 
other hand, in positive beta-decay, i.e., 
when there is positron emission, or in 
orbital-electron capture, the product 
nucleus is found in the adjoining 
lower-right diagonal square. 

10.136. It is of interest to return, 
at this point, to the case discussed in 
detail in § 10.17 et seq. } namely, the 
Combination of a deuteron with Cu 08 ; 
from the chart, the compound nucleus 
is soon to bo the radioisotope [Zn flB ], 


gii 

undoubtedly in a highly excited state 
with considerable excess energy. If this 
energy is emitted as a gamma ray [re¬ 
action (1)], the product is Zn 05 in its 
ground state; the chart shows this to 
be radioactive, decaying by positron 
emission, or by K-capture, to yield 
stable Cu 65 as the product. A second 
possibility [reaction (2) ] is the ejec¬ 
tion of a neutron by the [Zn 65 ], leav¬ 
ing Zn 64 , which is stable. In reaction 
(3), a proton is emitted, and hence the 
product is Cu 64 ; as stated in § 10.100, 
this exhibits branched disintegration, 
decaying by the emission of a positive 
or a negative beta-particle, the prod¬ 
uct being the stable nuclide Ni 64 or 
Zn 64 , respectively. According to reac¬ 
tion (4), two neutrons are expelled, 
so that Zn 63 , which the chart shows 
to be a positron emitter, remains^ its 
decay product is seen to be stable 
Cu 63 . If the compound nucleus ejects 
an alpha particle [reaction (5)], the 
compound nucleus [Zn 65 ] loses two 
protons and two neutrons, with forma¬ 
tion of the stable Ni 61 . The tritium 
nucleus consists of one proton and two 
neutrons, and so the product of reac¬ 
tion (6) is Cu 62 ; from the chart it fol¬ 
lows that this decays by the emission 
of a positron and is thereby converted 
into the stable Ni 62 isotope. The last 
process does not need to be considered 
since it is the reverse of that by which 
the compound nucleus was supposed 
to be formed, in the first place. 

10.137. In addition to the isotope 
chart described here, in which the 
number of protons is plotted against 
the number of neutrons for all the 
known nuclides, other types have been 
used for different purposes. For exam¬ 
ple, in one the atomic number Z is 
plotted against the mass number A , or 
vice versa; and in another, the excess 
of neutrons over protons, that is A — 
2Z, in plotted against the atomic num- 
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ber Z. An especially convenient scheme 
makes use of axes inclined at an angle 
of 60°, the mass number A being 
plotted along one of those axes and 
the atomic number Z along the other.* 
Each type of chart has features of 
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special interest, but, in general, famil¬ 
iarity with the use of one provides 
sufficient experience for the use of any 
other. It is consequently unnecessary 
to enter into further details here. 


* Trilinear Chart of Nuclides, by William H Sullivan, U. S. Government Printing Office, 
Washington, D. C., 1957. 
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PROPERTIES OF THE NEUTRON 


Mass of the Neutron 

11.1. When, in 1920, E. Rutherford 
considered the possible existence of a 
particle of unit mass and zero charge 
(§2.115), now called a neutron, he 
thought that, since it would not be 
repelled as it approached an atomic 
nucleus, “it should enter readily into 
the structure of atoms, and may unite 
with the nucleus.” As indicated in the 
preceding chapter, this expectation has 
been abundantly confirmed; the nuclei 
of virtually all the elements have been 
found to interact with neutrons. In 
addition, the neutron has served a pur¬ 
pose which was entirely unforeseen: 
it provided the key that made possi¬ 
ble the achievement of a long-sought 
objective, the release of energy from 
the atomic nucleus. In this respect, the 
various interactions of neutrons with 
atomic nuclei are of the greatest sig¬ 
nificance. For these and other reasons, 
the study of the production and prop¬ 
erties of neutrons has attracted much 
interest, and the subject merits de¬ 
tailed consideration. 

11.2. It was mentioned in §2.118, 
when reporting briefly on the discovery 
of the neutron by J. Chadwick in 1932, 


that he explained certain apparently' 
paradoxical observations of previous 
workers by attributing' them to the, 
presence of an uncharged particle with' 
a mass close to that of a proton. Since < 
the evidence was not recorded earlier,, 
it will be outlined here. The absence of 
charge associated with the ne(utron 
was established, of course, by the in¬ 
ability to deflect it in electric and 
magnetic fields; the mass was esti¬ 
mated in several ways. Suppose a 
particle of mass m l7 moving with a 
velocity v, collides with another parti¬ 
cle, mass m 2 , which is virtually sta¬ 
tionary. The speed with which the lat¬ 
ter recoils depends on the direction of 
recoil relative to that of the incident t 
particle, but it is known from mech¬ 
anics that it will be a maximum in a 
head-on collision, that is, when the 
struck particle recoils in exactly the 
same direction as that in which the 
incident particle approached it. For 
such a collision, the recoil velocity 
which is the maximum possible for the 
specified conditions, is given by* 


v 2 = 


2 m y 


m i + m 2 


(n.i) 


♦This is readily derived from the equations for the conservation of (kinetic) energy, 
which is here find for the conservation of momentum, namely, 

miv — miVi + mji>a for a head-on collision; Vi is the velocity of the incident particle after 
the collision. 
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If the incident particle were a neutron 
and the struck particle were a nucleus 
of known mass m 2 , the mass mi of the 
neutron could be calculated from equa¬ 
tion (11.1) if the velocity v of the 
neutron before collision, and the maxi¬ 
mum speed V 2 of the recoiling nucleus 
were known. 

11.3. Unfortunately, Chadwick did 
not have reliable data concerning the 
speed of the neutron, and so this had 
to be eliminated from equation (11.1). 
If neutrons of the same velocity v 
collide with a particle of mass m 3 , the 
maximal recoil velocity V 3 of the latter 
is determined by an expression exactly 
analogous to equation (11.1), namely, 
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v 3 = 


2mi 


mi + m 3 


( 11 . 2 ) 


where mi and v are the same as before. 
Upon dividing equation (11.1) by 
(11.2) it is seen that 

(11.3) 


equation (11.3), the mass mi of the 
neutron is found to be roughly 1.16 on 
the atomic mask scale, compared with 
unity for the proton. 

11.4. The approximate result ob¬ 
tained in this maimer showed, at least, 
that the mass of the neutron was simi¬ 
lar to that of the proton, but a more 
accurate determination was desirable. 
Such a determination was made by 
Chadwick utilizing the energy and 
mass changes involved in the reaction 
between an alpha particle and a boron 
nucleus, in which a neutron was ap¬ 
parently liberated. If the reaction is 
of this type, then it should be 

6 B u + 2 He 4 -> 7N 14 + an 1 , 

and since the isotopic weights of the 
stable nuclides B 11 , He 4 and N 14 are 
available, it should be possible to ob¬ 
tain the weight of the neutron, pro¬ 
vided the nuclear reaction energy (Q) 
were known (§9.25). The alpha par^ 
tides, obtained from polonium have 
5.25 Mev energy, equivalent to Q.0Q565 
atomic mass unit, and the energies of 
the product N 14 nucleus, calculated 
from its range in a cloud chamber, 
and of the neutron estimated from 
the maximum recoil of a proton after 
collision, were found to be 0.00061 
and 0.0035 atomic mass unit, respec¬ 
tively. The energy of the boron target 
nucleus is negligible, and hence the 
energy change Q of the reaction in 
mass units is 0.00061 + 0.0035 — 
0.00565 = -0.00154. Taking the iso¬ 
topic weights of B 11 as 11.01279, of 
He 4 as 4.00387 and of N 14 as 14.00752, 
it is seen that the mass of the neutron 
'must be given by 

Mass of neutron 

= 11.01279 + 4.00387 - 14.00752 
-0.00154 = 1.0076 a.m.u * 

♦ This is lower than the mass (1.008986) now accepted, probably because of errors in the 
energy values. 


V2 _ mi + 
vz mi + m 2 


thus permitting m ly the mass of the 
neutron, to be evaluated if m 2 , m 3 , V 2 
and V 3 are available. The recoils of 
hydrogen and nitrogen nuclei, after 
being struck by neutrons, were ob¬ 
served in cloud-chamber experiments 
and, from the lengths of the accom¬ 
panying tracks, the maximum veloci¬ 
ties were estimated to be 3.3 X 10 9 
and 4.7 X 10 8 cm. per sec., respectively. 
These results were known to be ap¬ 
proximate, but they should be suffi¬ 
cient to give some indication of the 
mass of the neutron. Thus, taking m 2 
and m 3 to be the masses of the hydro¬ 
gen and nitrogeu nuclei, namely 1 and 
14, respectively, in atomic mass units 
(§3.82), the corresponding values of 
v 2 and V 3 are then 3.3 X 10 9 and 4.7 
X 10 a ; upon substituting these data in 
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Using the isotopic weight data availa¬ 
ble in 1932, Chadwick obtained 1.0067 
for the mass of the neutron, but be¬ 
cause of the uncertainty in the energy 
terms, he estimated the value to lie 
between 1.005 and 1.008. 

11.5. Another procedure, which was 
first used by J. Chadwick and M. 
Goldhaber in 1934, has provided a still 
more precise result for the neutron 
mass. The method is based on the 
discovery that gamma rays of suffi¬ 
cient energy are able to disintegrate a 
deuteron into a proton and a neutron 
(§ 10.52) ; thus, 

iH* + 7 -> iH 1 + 0 n l . 

The minimum energy necessary to 
break up the deuteron is now known 
to be 2.225 Mev, which corresponds to 
0.00239 mass unit. It follows, there¬ 
fore, that the mass of the deuteron 
plus 0.00239 should give the sum of the 
masses of the proton and the neutron. 
The isotopic weights of deuterium and 
hydrogen are 2.01474 and 1.008145, re¬ 
spectively, so that 

Mass of neutron 

= 2.01474 + 0.00239 - 1.008145 

= 1.008985 a.m.u. 

11.6. Since neutrons are involved in 
many nuclear reactions, either as pro¬ 
jectiles or as ejected particles, there 
are evidently numerous possibilities for 
calculating the mass of the neutron, 
provided the isotopic weights of the 
target and product nuclides, and the 
reaction energy are known. From an 
examination of the best data available 
in 1957 it appears that the neutron 
mass is 1.008986 atomic mass units. It 
may be noted, in passing, that the 
existence of an electrically neutral 
particle of appreciable mass seems to 
dispose of the theory, formerly held by 
many scientists, that all mass is elec¬ 
tromagnetic in nature (§4.20). 


Radioactivity of the Neutron 

11.7. In the discussion of negative 
beta-decay in § 7.50, it was postulated 
that this type of radioactivity involves 
the conversion of a neutron into a 
proton and an electron, together with 
a neutrino. The sum of the masses of 
the proton, electron and neutrino is 
virtually equal to the mass of a hydro¬ 
gen atom, i.e., 1.008145 atomic mass 
units, since this atom consists of one 
proton and one electron while the mass 
of the neutrino is negligible. It will be 
observed that the total mass is less 
than the mass of the neutron by 
1.008986 - 1.008145 = *0.00084 unit, 
equivalent to 0.782 Mev of energy, and 
so it is possible to write 

0 n 1 -> iH 1 + _ 1( ? u + 0.782 Mev. 

f 

11.8. The fact that the conversion 
of a free neutron into a proton and an 
electron, together with a neutrino, is 
associated with the liberation of en¬ 
ergy indicates that this process should 
take place spontaneously. In this 
event, the neutron would be the sim¬ 
plest radioactive species, decaying 
with the emission of a negative beta- 
particle, i.e., an electron, leaving a 
proton as the product. Since both the 
neutron and the proton have one half 
unit of spin (§4.86), it is probable 
that the decay will correspond to an 
“allowed” beta transition (§ 7.78) i . On 
this basis, it can be calculated that 
the half life of the neutron should be 
roughly 20 min. 

11.9. The difficulty in detecting the 
radioactive decay of the free neutron 
lies in the fact that such neutrons are 
readily captured by nuclei; conse* 
quently, the average life of a freu 
neutron is short in comparison with 
its expected radioactive half-life pe¬ 
riod. Nevertheless, an attempt to study 
the decay of neutrons was initiated by 
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L. W. Alvarez of the Radiation Labo¬ 
ratory, Berkeley, California, but the 
work was interrupted by the war. 
Since 1948, the problem has attracted 
the interest of A. H. Snell and his col¬ 
laborators at the Oak Ridge National 
Laboratory, and of J. M. Robson 
and his associates at the Chalk River 
Laboratory in Canada. The experi¬ 
mental procedure consists in passing 
a strong beam of neutrons through a 
cylindrical tank which has been highly 
evacuated. An electrostatic field is so 
arranged that protons resulting from 
the beta decay of the neutrons are de¬ 
flected in one direction and the accom¬ 
panying electrons (beta particles) in 
another. A coincidence counting sys¬ 
tem, with a delay of about a millionth 
of a second to allow for the lower 
speed of the proton, responds only to 
the (almost) simultaneous arrival of a 
proton on one side of the neutron 
beam and an electron on the other. 
From the frequency of these coinci¬ 
dences, it has been estimated that the 
rate of formation of protons and elec¬ 
trons corresponds to a half life of 
about 13 min. for the free neutron, in 
general agreement with the calculated 
value given above. It is reasonably 
certain, therefore, that the free neu¬ 
tron is radioactive, in the sense that it 
disintegrates spontaneously with the 
emission of an electron, leaving a pro¬ 
ton as the residual particle.* 

Diffraction of Neutrons 

11 .10. One of the most striking ar¬ 
guments for the wave-particle duality 
of matter, which was discussed in 
Chapter III, has been provided by the 
diffraction of neutrons. It has been 
known for some years that electrons, 
in particular, and also protons and 
alpha particles, exhibit the character- 
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istic wave property of interference re¬ 
sulting in the production of definite 
diffraction patterns (§3.41). While 
this evidence for the wave nature of 
matter is quite striking, some objec¬ 
tion might perhaps have been raised 
on the grounds that the aforemen¬ 
tioned particles are all electrically 
charged, and that the same phenomena 
would not be observed with neutral 
matter. All doubts of this kind have 
been dispelled by the clear proof that 
wave properties are also associated 
with neutrons. In 1936, W. M. Elsasser 
in France predicted that neutrons 
would exhibit the phenomenon of dif¬ 
fraction, and in the same year experi¬ 
mental proof was obtained by H. von 
Halban and P. Preiswerk in France 
and independently by D. P. Mitchell 
and P, N. Powers in the United States. 
Since that time the technique has been 
very greatly improved, thanks largely 
to the neutron beams obtainable from 
nuclear fission reactors. A photograph, 
taken at the Oak Ridge National 
Laboratory, showing the neutron dif¬ 
fraction pattern of a sodium chloride 



Fig. 11.1. Laue type diffraction pattern 
of sodium chloride obtained with neutrons 
from the Oak Ridge nuclear reactor. 


* The bound neutron in a nucleus m in u different energy slate and docs not exhibit this 
behavior. 
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crystal, is reproduced in Fig. 11.1; 
this may be compared with Fig. 2.8 
for the diffraction of X-rays. 

11 .11. According to the de Broglie 
equation (3.7), the wave length A cm., 
equivalent to a particle of mass m 
grams, moving with a velocity v cm. 
per sec., is equal to h/mv , where h is 
the Planck quantum theory constant, 
6.62 X 10“ 27 erg sec. Since the energy 
E of a neutron is essentially all kinetic 
energy, it is equal to 1 / 2 mv 2 J and so 
mv in the de Broglie equation may be 
replaced by \/2mE ; the equivalent 
wave length of the neutron is then 
given by 


X = — = — - (11.4) 

mv V2mE 

Upon inserting the value of m, the 
actual mass of the neutron, which is 
approximately 1.67 X 10~ 24 gram, and 
introducing the factor 1.60 X 10“ 12 
for converting electron volts to ergs 
(§ 3.33), it follows that 

x = __ 6.62 X IQ" 27 __ 

V2 X 1.67 X 10- 24 X 1.60 X 10- 12 £ 


2.87 X 10~ 9 

VE 


cm., 


(11.5) 


where E is the neutron energy ex¬ 
pressed in electron volts. 

11 .12. It is of interest to see what 
order of energy would be requisite for 
a neutron beam if the associated wave 
train were to be capable of diffraction 
by a crystal. The wave length would 
have to be about 2 X 10“ 8 cm., and 
hence it follows from the equation 
(11.5) that neutrons with energy of 
about 0.02 ev should exhibit diffraction 
phenomena with crystals. This is pre¬ 
cisely what has been found experi¬ 


mentally, and in § 11.84 it will be 
shown how reflection from a crystal 
surface is used to sort out neutrons of 
specific energies or velocities. 

11.13. To the chemist, an applica¬ 
tion of neutron diffraction of excep¬ 
tional interest is in connection with 
the study of molecular structure. Dif¬ 
fraction of X-rays by crystals and of 
electrons by gases has been very widely 
used to determine the distances be¬ 
tween atoms in a molecule. But theses 
methods have one great drawback: 
because the diffraction of X-rays de¬ 
pends almost entirely, and that of 
electrons largely, on the number of 
orbital electrons of the atom, it is not’ 
feasible to identify the positions of 
hydrogen atoms with their single elec¬ 
trons. In the diffraction of neutrons,- 
on the other hand, it is the scattering 
by the nucleus which determines the 
extent of diffraction, and in this respect 
the effect of hydrogen is quite consid¬ 
erable. Hence, neutron diffraction by 
crystals makes possible the determi¬ 
nation of interatomic distances in¬ 
volving hydrogen atoms. The Strong 
neutron beams required for diffraction 
studies are available only from nuclear 
reactors (Chapter XIV), but since, 
these neutrons have a range of en¬ 
ergies (and wave lengths), the results 
are not too exact. Consequently, neu¬ 
tron diffraction is to be regarded as 
complementary to, rather than' as a 
substitute for, X-ray diffraction. In 
addition to its usefulness in detecting 
hydrogen and other light atoms, e.g., 
beryllium, neutron diffraction can gen¬ 
erally discriminate between atoms of 
approximately the same weight, e.g., 
manganese, iron, cobalt and nickel, 
and magnesium and aluminum, which 
X-rays cannot. 
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PRODUCTION AND DETECTION OF NEUTRONS 


Neutron Sources 

11.14. The first recognized forma¬ 
tion of neutrons was the result of 
reactions of the (a>n) type, with be¬ 
ryllium, boron and lithium. Subse¬ 
quently, other light elements, such as 
nitrogen, fluorine, sodium, magnesium 
and aluminum, were found to emit 
neutrons when bombarded with alpha 
particles. Although none of these can 
be regarded as strong sources of neu¬ 
trons, from the present-day standpoint, 
a fair yield of neutrons can be ob¬ 
tained from the (a,n) reaction with 
beryllium. A convenient means of pro¬ 
ducing neutrons is a mixture of metallic 
beryllium with a small quantity of an 
alpha-particle emitter, such as a 
radium or a polonium compound. A 
sealed capsule containing radium 
emanation, that is, the gas radon, and 
beryllium provides an inexpensive 
source of neutrons; the use of radium, 
in place of radon, is more costly, but 
the neutron intensity is much stronger 
and more lasting. 

11.15. The neutrons obtained from 
the reaction 

4 Be 9 + 2 He 4 6 C 12 + on 1 

are not monoenergetic; that is to say, 
they do not all have the same energy. 
The reaction energy of the Be 9 ( a,n ) C 12 
process is about 5.5 Mev, and this, less 
the recoil, and possible excitation, en¬ 
ergy of the C 12 nucleus, represents the 
minimum energy of the emitted neu¬ 
tron. However, neutrons could be ob¬ 
tained with this energy only if the 
incident alpha particle had zero en¬ 
ergy, and the probability of such par¬ 
ticles entering the beryllium nucleus is 
quite negligible. The alpha particles 
from radioactive sources have appreci¬ 


able energy, and most of this will 
ultimately appear as energy of the 
emitted neutrons. The yield from the 
bombardment of beryllium by alpha 
particles from 1 gram of radium is 
about 10 to 15 million neutrons per 
second. 

11.16. A number of reactions of the 
(d,n) type have been employed as 
neutron sources, the accelerated deu- 
terons being generally produced by 
means of a cyclotron (§ 9.53). With a 
cooled beryllium target, it is possible 
to use relatively strong deuteron cur¬ 
rents, so that neutrons are obtained at 
the rate of many billions per second 
from the reaction Be 9 (d,n)B 10 . An¬ 
other reaction of the same type, but 
somewhat less efficient, is Li 7 (d,n)Be 8 ; 
since the reaction energy in this case 
is about 15 Mev, it is possible to ob¬ 
tain neutrons of fairly high energy by 
bombarding lithium with deuterons of 
moderate speed. 

11.17. It was stated in § 10.33 that 
bombardment of deuterium by deu¬ 
terons gives rise to the reaction 

X H 2 + xH 2 -> 2 He 3 + on 1 + 3.2 Mev, 

and this (d,n) process has been used 
as a source of neutrons, the target 
being ice obtained by freezing heavy 
water, i.e., solid deuterium oxide 
(§ 8.73). The reaction energy is (posi¬ 
tive, by about 3.2 Mev, and a good 
yield of neutrons is possible even with 
deuterons of relatively low energy, for 
example, down to 0.2 Mev. A valuable 
source of neutrons of high energy 
results from the analogous ( d,n ) re¬ 
action of deuterons with the heavier 
isotope of hydrogen, tritium; thus, 

t H a + xH 2 -► a He< + on 1 + 17.6 Mev. 
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Further reference to this source will be 
made in § 11.89. 

11.18. Several light and moderately 
heavy elements undergo (p,n) reac¬ 
tions, but only one of these processes, 
namely, 

3 Li 7 + xH 1 —» 4 Be 7 + o^ 1 — 1.02 Mev, 

has been used to any extent as a source 
of neutrons. Although the reaction 
energy is here negative by 1.62 Mev, 
the actual threshold energy for the 
protons is about 1.88 Mev, the ad¬ 
ditional 0.26 Mev being mainly recoil 
energy of the Be 7 nucleus. 

11.19. Photonuclear reactions, 
namely, reactions of the (y,n) type, 
have proved to be particularly valu¬ 
able for the production of homogene¬ 
ous, i.e., monoenergetic, neutron beams 
(§ 11.87); these are called photoneu¬ 
tron sources. Processes of the (y,n) 
type invariably have negative reaction 
energies; consequently, the gamma 
rays must have a definite minimum 
(or threshold) energy before the 
process can take place. The energy of 
the neutron is then roughly equal to 
the energy of the gamma radiation 
used minus the threshold energy of the 
particular (y } n) reaction. If these two 
quantities are not very different, the 
neutrons will evidently have relatively 
low energies. 

11 .20. Two photonuclear reac¬ 
tions mentioned in § 10.52, namely, 
H^y^H 1 and Be°(y,n)Be 8 , for which 
the theoretical minimum energies are 
2.225 and 1.66 Mev, respectively, have 
been largely used to produce neu¬ 
trons. Any radioactive species emit¬ 
ting gamma rays of sufficient energy 
may be employed, in conjunction with 
a deuterium compound or beryllium 
as the target. The half life of the 
gamma-ray source should not be too 
short, so that the rate of neutron 
emission may remain fairly constant 
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I over an appreciable interval of time. 
Four such sources, namely, Na 24 , Ga 72 , 
Sb 124 and La 140 , all. artificial radio¬ 
nuclides, satisfy the foregoing require¬ 
ments. The gamma rays from Na 24 
can be used with either deuterium 
or beryllium to produce neutrons of 
different energies in the two cases; 
those from Ga 72 are used with deute¬ 
rium only, in the form of heavy water, 
while the radiations from Sb 124 and 
La 140 are employed to interact with 
beryllium, although the yields in the 
latter case are small. 

11.21. A convenient source of neu- 
trons, available from the Isotopes Di¬ 
vision of the Atomic Energy Commis¬ 
sion, consists of a rod of antimony, 
containing the 60-day Sb 124 radioiso¬ 
tope, surrounded by a beryllium.metal 
cup. When newly prepared the i^stem 
emits neutrons, of approximately uni¬ 
form (0.03 Mev) energy, at the rate of 
about eight million per second. After 
the activity of the Sb 124 has decayed, 
it can be regenerated by exposure of 
the antimony rod to neutrons in a 
nuclear reactor (Chapter XIV) j 

11 .22. An unusual type of process 
which has led to the production of 
neutrons of high energy, around 100 ( 
Mev, was discovered in 1947 in the 
course of experiments with deuterons 
accelerated to 200 Mev energy in the 
Berkeley 184-inch synchrocyclotron. 
The neutrons are formed from the deu¬ 
terons as a result of a phenomenon 
called stripping , which is believed to 
occur somewhat in the following .man¬ 
ner. As mentioned earlier (§10.28), 
a deuteron behaves as a relatively^ 
loosely-bound system consisting of a 
neutron and a proton which are fre¬ 
quently outside the range of their mu¬ 
tual forces. If a high-energy deuteron 
strikes a target nucleus in such a way 
as to graze the edge of the latter, the 
proton may be stripped off, while the 
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neutron misses and travels on alone. 
The proton may be captured by the 
target nucleus, or it may be deflected 
by the magnetic field of the cyclotron, 
but the uncharged neutrons continue 
to move in a straight line, thus per¬ 
mitting their removal as a narrow 
beam. The energies of the neutrons 
obtained in this manner range around 
half the initial deuteron energy, so 
that, with 200 Mev deuterons, the 
mean neutron energy is about 100 
Mev. Almost any element may be 
used as the target material in stripping, 
but the yield of stripped neutrons for 
a given deuteron intensity varies with 
the nature of the target. 

11.23. In recent years there has be¬ 
come available a source of neutrons so 
powerful that those described above, 
important though they may be, are 
almost insignificant in comparison. 
This source is a nuclear reactor or 
“pile,” in which uranium is undergo¬ 
ing fission. As indicated in § 10.60, 
this process is initiated by neutrons, 
and it is also accompanied by the 
emission of neutrons. The subjects of 
fission and of nuclear reactors will be 
treated in greater detail in Chapters 
XIII, XIV and XV. 

Detection of Neutrons 

11.24. Since neutrons do not inter¬ 
act appreciably with electrons, they 
produce very little direct ionization, 
namely, about one ion-pair per meter 
of path, compared with something like 
a million for a proton of approxi¬ 
mately the same energy. Direct de¬ 
tection of a neutron in any instrument 
such as is used for charged particles, 
or a Wilson cloud chamber, which 
depends for its action upon ionization 
due to the entering particle, is thus 
out of the question. Nevertheless, de¬ 
vices of this type can be adapted to 
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study neutrons by utilizing certain 
secondary effects. 

11.25. Two general principles have 
been employed in the detection of 
neutrons: first, use is made of the 
charged particles produced by the in¬ 
teraction of neutrons with various sub¬ 
stances introduced into the counter, 
and, second, advantage is taken of the 
recoil of nuclei of light elements after 
being struck by neutrons. In each 
case, the secondary particles produce 
ionization in their paths, so that their 
presence immediately becomes evident. 
The choice of procedure depends chiefly 
on the energy (or speed) of the neu¬ 
trons to be detected; for slow neutrons, 
with energies up to a few thousand 
electron volts, the interaction method 
is mainly used, but for fast neutrons, 
having energies of the order of a 
million (or more) electron volts, the 
recoil principle is generally employed. 

11.26. The most common instru¬ 
ments for the detection of slow neu¬ 
trons utilize the reaction of these 
neutrons with the less abundant iso¬ 
tope of boron, B 10 ; thus, 

6 B 10 + on 1 —> 3 Li 7 + 2 He 4 + 2.5 Mev, 

the 2.5 Mev reaction energy being 
carried off by the resulting lithium 
nucleus and alpha particle which pro¬ 
duce considerable ionization in their 
tracks. In order to take advantage of 
this process, a counter containing bo¬ 
ron (or a compound of boron) is em¬ 
ployed. The chamber may .either con¬ 
tain boron trifluoride as part of the 
filling gas or the walls may be lined 
with a thin coating of elemental boron 
or of a solid compound, such as boron 
carbide. Since it is actually the B 10 
isotope, present to the extent of less 
than 19 per cent in natural boron, 
which is involved, better results are 
obtained if the boron compound is en¬ 
riched in the B 10 isotope. By using a 
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chamber of suitable size, every neutron 
entering can be made to interact with 
a B 10 nucleus, so that the number of 
counts recorded gives the number of 
neutrons. The counter may be of the 
ionization chamber type (§6.13), al¬ 
though it is more usual to operate it 
in the proportional region (§6.22). ^ 

11.27. It was mentioned in § 6.87 
that the track of an ionizing particle 
in a photographic emulsion becomes 
visible upon development as a line of 
fine grains of silver. Neutrons do not 
affect the silver halide in the emulsion 
directly, but if boron is present in the 
form of a compound, such as borax, 
the charged particles produced in the 
reaction with slow neutrons can be 
readily detected. 

11.28. Another type of neutron re¬ 
action, namely fission, has been used 
in what have been called fission cham¬ 
bers to detect slow neutrons. Such 
neutrons are able to cause uranium- 
235 to undergo fission, and the fission 
fragments have considerable ionizing 
effect. A simple type of fission chamber 
for observing neutrons thus consists of 
an ionization chamber of which one 
electrode is coated with uranium oxide, 
preferably enriched in the uranium- 
235 isotope. 

11.29. Scintillation counters have 
also been adapted to the detection and 
counting of neutrons. The methods 
used are based on the addition to the 
scintillator material of an element 
which interacts with neutrons to yield 
particles capable of producing scin¬ 
tillations directly. For example, a 
boron compound may be included in a 
solid zinc sulfide (silver activated) or 
a sodium iodide (thallium activated) 
phosphor. With a liquid organic scin¬ 
tillator, the boron may be included in 
the form of methyl borate. Since 
organic phosphors respond readily to 
gamma rays, an alternative possibility 


is to add a cadmium compound, e.g., 
cadmium octoate. As a result of the 
capture of slow neutrons by cadmium, 
the (n,y) reaction occurs and the 
gamma-ray photons produce scintil¬ 
lations. 

11.30. When fast neutrons are being 
studied, it is the general practice tq 
make use of the ionization in the.track 
of a light nucleus recoiling after being 
struck by a high-energy neutron. For 
this purpose a proportional counter 
may be filled with hydrogen or deute¬ 
rium, but a better procedure is to use 
argon, or one of the heavier inert gases; 
as the filling gas and to place a thin 
sheet of a hydrogenous material, such 
as paraffin, at one end of the chamber* 
Fast neutrons striking the paraffin 
cause the ejection of protons; these pro¬ 
duce ionization in their paths through 
the counter, and so can be detected. 
The recoil effect in a cloud chamber 
containing hydrogen may also be used 
to indicate the presence of neutrons, as 
shown in Fig. 11.2. Alternatively, a 
bubble chamber, containing liquid hy- 



Fio. 11.2. Cloud tracks produced by pro¬ 
tons recoiling after collision with neutrons. 
(From Phys. Rev., 50, 1138 (1936)), 
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drogen or a hydrogen-containing com¬ 
pound, may be employed. From the 
maximum length of the paths of the 
recoiling protons the energy of the neu¬ 
trons can be estimated. The presence 
of recoil protons due to neutrons can 
also be made evident by their effect on 
photographic film, and from the 
lengths of the recoil tracks the energy 
of the neutrons can be calculated. 
These protons may result from col¬ 
lision of the fast neutrons with hy¬ 
drogen atoms in the emulsion or in 
hydrogenous material, such as water, 
in the vicinity. Fast neutrons can be 
detected by means of an organic phos¬ 
phor (solid or liquid) in a scintillation 
counter, without addition of any other 
material. The organic compound con¬ 
tains a large proportion of hydrogen 
so that fast neutrons produce recoil 
protons which cause scintillations. 

11.31. Although uranium-235 under¬ 
goes fission with either fast or slow 
neutrons, only fast neutrons can cause 
this type of process in the more abun¬ 
dant uranium-238. Hence a fission 
chamber for the detection of fast neu¬ 
trons can be designed using a uranium 
compound which has been depleted in 
the lighter isotope; such a device will 
respond to fast, but not to slow, neu¬ 
trons. Another possibility is to use a 
fission chamber, without special at¬ 
tention to the particular uranium iso- 

SLOWING DOW* 

Elastic Scattering 

11.34. The simplest type of nuclear 
reaction in which neutrons are the pro¬ 
jectiles is elastic scattering (§ 10.26). 
There is no formation of a compound 
nucleus or of an excited state, but the 
incident neutron is deprived of some of 
its energy, which appears as kinetic 
energy, i.e,, energy of motion, of the 
target nucleus. The neutron then rc- 
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tope present, surrounded by cadmium 
or boron. These materials will absorb 
the slow neutrons, and so any fission 
observed in the chamber is due to fast 
neutrons. 

11.32. If it is not required to dis¬ 
tinguish between fast and slow neu¬ 
trons, then the particles may be slowe< I 
down by passage through a layer oi 
paraffin or of water a few centimeters 
in thickness, as explained below. The 
resulting neutrons can then be ob¬ 
served by any of the forms of slow- 
neutron counter described above. 

11 .33. A principle somewhat differ¬ 
ent from those already considered has 
been applied to the detection and 
counting of neutrons of particular en¬ 
ergies. Certain metals, such as indium 
and rhodium, are able to absorb, very 
strongly, neutrons lying within narrow 
energy ranges (§ 11.97) ; then, as a re¬ 
sult of a reaction of the (n,y) typo, a 
radioactive isotope of the original ele¬ 
ment is formed. The amount of this 
active material, and hence the number 
of neutrons absorbed, can be estimated 
by observing its beta decay in a par¬ 
ticle counter. Alternatively, a thin 
sheet of the metal, indium for ex¬ 
ample, in contact with a photographic 
film, may be used to detect neutrons, 
The radioactivity of the product of 
neutron interaction with the indium 
causes a fogging of the film. 

OF NEUTRONS 

coils with less energy than it had be¬ 
fore the impact. The effect is essentially 
an elastic or “billiard-balk’ typo of 
collision of the neutron with the atomic 
nucleus; the interaction may thus be 
treated by the ordinary laws of me¬ 
chanics, based on the principles of con¬ 
servation of energy and of momentum* 
In §11.2, this approach was used In 
considering a head-on collision In 
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which there is a maximum transfer of 
energy from a neutron to a struck 
nucleus, but in the most general case 
allowance must be made for possible 
collisions at all angles of impact. 

11.35. The calculations are per¬ 
formed by appropriate integration, 
And the result shows that in each 
Collision a neutron loses, on the aver¬ 
age, a definite fraction of the energy 

It had just prior to the collision. This 
fraction, as might be expected, is 
greater the smaller the mass of the 
nucleus with which the neutron 
Collides. The energy of a neutron, 
Apart from the energy equivalence of 
It.H mass, is entirely kinetic in nature, 
[And so it is directly related to its 
Velocity (§3.5). It is seen, therefore, 
that the speed of a neutron is de¬ 
creased in a collision with an atomic 
nucleus, the fractional extent of this 
Httrease being greater the lighter the 
Itruck nucleus. Thus, in a medium of 
few atomic weight (or mass number) 
fewer collisions are required to slow 
Mown a neutron over a given energy 
■Ifflge than in a medium of higher 
MOmic weight (or mass number). 

Thermal Neutrons 

11.36. After a number of collisions 
Kith nuclei, the speed of a neutron is 
BtdUGecl to such an extent that it has , 

Jjiroximately the same average 
nctlc energy as the atoms (or mole- 
H}#i) of the medium in which the 
■Hitron is undergoing elastic scatter,- 
illg This energy, which is only a small 
totctlun of an electron volt at ordinary 
totnpemtures (§11.39), is frequently 
mU'v red to as the thermal energy, J 
lllWf it depends upon the temperature. 
HtUtronft whose energies have been re- 
Hpcd to values in this region are 
Kllgniited thermal neutrons. The proc- 
■I of reducing the energy of a neutron 
■ the thermal region by elastic scatter¬ 


ing is sometimes called thermalization 
or, more commonly, slowing down. It 
will be seen in Chapter XIV that the 
slowing down of fast neutrons by col¬ 
lisions with nuclei plays a significant 
role in the nuclear fission reactors in 
which atomic energy is released. The 
material used for the purpose is then 
called a moderator; a good moderator 
reduces the speed of neutrons in a 
small number of elastic collisions, but 
does not absorb them to any great 
extent. 

11.37. The suggestion that fast 
neutrons are slowed down by pas¬ 
sage through hydrogen-containing sub¬ 
stances, such as water or paraffin, until 
their energies reached thermal values 
was made by E. Amaldi, 0. D’Agostino, 
E. Fermi, B, Pontecorvo, F. Rasetti 
and E. Segre in Italy in 1935, jn the 
course of their important work on the 
radiative capture of neutrons (§ 11.46). 
Soon afterward, P. B. Moon and J. R. 
Tillman in England obtained experi¬ 
mental evidence of this phenomenon 
by showing that neutrons after pass¬ 
ing through paraffin cooled to about 
— 180°C reacted more readily with sil¬ 
ver, rhodium and iodine than they did 
at ordinary temperatures. Slow neu- t 
trons are more easily captured by these 
nuclei than are fast neutrons (§ 11.46). 
Subsequently, several physicists made 
direct measurements of neutron veloci¬ 
ties, and confirmed the fact that the 
values were those to be expected for 
particles with thermal energies. 

11.38. It should be emphasized that 
the property possessed by neutrons, 
of having their energies reduced from' 
millions of electron volts to thermal 
values of a fraction of an electron volt, 
and of still being capable of producing 
nuclear reactions, is very remarkable. 
Protons, alpha particles and other 
charged particles can be slowed down, 
but they can then no longer interact 
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drogen or a hydrogen-containing com¬ 
pound, may be employed. From the 
maximum length of the paths of the 
recoiling protons the energy of the neu¬ 
trons can be estimated. The presence 
of recoil protons due to neutrons can 
also be made evident by their effect on 
photographic film, and from the 
lengths of the recoil tracks the energy 
of the neutrons can be calculated. 
These protons may result from col¬ 
lision of the fast neutrons with hy¬ 
drogen atoms in the emulsion or in 
hydrogenous material, such as water, 
in the vicinity. Fast neutrons can be 
detected by means of an organic phos¬ 
phor (solid or liquid) in a scintillation 
counter, without addition of any other 
material. The organic compound con¬ 
tains a large proportion of hydrogen 
so that fast neutrons produce recoil 
protons which cause scintillations. 

11.31. Although uranium-235 under¬ 
goes fission with either fast or slow 
neutrons, only fast neutrons can cause 
this type of process in the more abun¬ 
dant uranium-238. Hence a fission 
chamber for the detection of fast neu¬ 
trons can be designed using a uranium 
compound which has been depleted in 
the lighter isotope; such a device will 
respond to fast, but not to slow, neu¬ 
trons. Another possibility is to use a 
fission chamber, without special at¬ 
tention to the particular uranium iso- 

SLOWING DOAV: 

Elastic Scattering 

11 .34. The simplest type of nuclear 
reaction in which neutrons are the pro- 
jectiles is elastic scattering (§10.26). 
There is no formation of a compound 
nucleus or of an excited state, but the 
incident neutron is deprived of some of 
its energy, which appears as kinetic 
energy, i.e,, energy of motion, of the 
target nucleus. The neutron then rc- 
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tope present, surrounded by cadmium 
or boron. These materials will absorb 
the slow neutrons, and so any fission 
observed in the chamber is due to fast 
neutrons. 

11.32. If it is not required to dis¬ 
tinguish between fast and slow neu¬ 
trons, then the particles may be slowed 
down by passage through a layer of 
paraffin or of water a few centimeters 
in thickness, as explained below. The 
resulting neutrons can then be ob¬ 
served by any of the forms of slow T - 
neutron counter described above. 

11 .33. A principle somewhat differ¬ 
ent from those already considered has 
been applied to the detection and 
counting of neutrons of particular en¬ 
ergies. Certain metals, such as indium 
and rhodium, are able to absorb, very 
strongly, neutrons lying within narrow 
energy ranges (§ 11.97); then, as a re¬ 
sult of a reaction of the {n,y) type, a 
radioactive isotope of the original ele¬ 
ment is formed. The amount of this 
active material, and hence the number 
of neutrons absorbed, can be estimated 
by observing its beta decay in a par¬ 
ticle counter. Alternatively, a thin 
sheet of the metal, indium for ex¬ 
ample, in contact with a photographic 
film, may be used to detect neutrons. 
The radioactivity of the product of 
neutron interaction with the indium 
causes a fogging of the film. 

OF NEUTRONS 

coils with less energy than it had be¬ 
fore the impact. The effect is essentially 
an elastic or “billiard-ball” type of 
collision of the neutron with the atomic 
nucleus; the interaction may thus be 
treated by the ordinary laws of me¬ 
chanics, based on the principles of con¬ 
servation of energy and of momentum. 
In § 11.2, this approach was used in 
considering a head-on collision in 
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which there is a maximum transfer of 
energy from a neutron to a struck 
nucleus, but in the most general case 
allowance must be made for possible 
collisions at all angles of impact. 

11.35. The calculations are per¬ 
formed by appropriate integration, 
and the result shows that in each 
collision a neutron loses, on the aver¬ 
age, a definite fraction of the energy 
it had just prior to the collision. This 
fraction, as might be expected, is 
greater the smaller the mass of the 
nucleus with which the neutron 
collides. The energy of a neutron, 
apart from the energy equivalence of 
its mass, is entirely kinetic in nature, 
and so it is directly related to its 
velocity (§3.5). It is seen, therefore, 
that the speed of a neutron is de¬ 
creased in a collision with an atomic 
nucleus, the fractional extent of this 
decrease being greater the lighter the 
struck nucleus. Thus, in a medium of 
low atomic weight (or mass number) 
fewer collisions are required to slow 
down a neutron over a given energy 
range than in a medium of higher 
atomic weight (or mass number). 

Thermal Neutrons 

11.36. After a number of collisions 
tvith nuclei, the speed of a neutron is 
reduced to such an extent that it has 
approximately the same average 
kinetic energy as the atoms (or mole¬ 
cules) of the medium in which the 
neutron is undergoing elastic scatter¬ 
ing. This energy, which is only a small 
fraction of an electron volt at ordinary 
temperatures (§11.39), is frequently 
referred to as the thermal energy , 
since it depends upon the temperature. 
Neutrons whose energies have been re¬ 
duced to values in this region are 
designated thermal neutrons. The proc¬ 
ess of reducing the energy of a neutron 
to the thermal region by elastic scatter¬ 


ing is sometimes called thermalization 
or, more commonly, slowing down. It 
will be seen in Chapter XIV that the 
slowing down of fast neutrons by col¬ 
lisions with nuclei plays a significant 
role in the nuclear fission reactors in 
which atomic energy is released. The 
material used for the purpose is thep 
called a moderator; a good moderator 
reduces the speed of neutrons in a 
small number of elastic collisions, but 
does not absorb them to any great 
extent. 

11.37. The suggestion that fast 
neutrons are slowed down by pas¬ 
sage through hydrogen-containing sub¬ 
stances, such as water or paraffin, until 
their energies reached thermal values, 
was made by E. Amaldi, 0. D'Agostino, 
E. Fermi, B. Pontecorvo, F. Rasetti 
and E. Segre in Italy in 1935, \n the 
course of their important work on the 
radiative capture of neutrons (§ 11.46). 
Soon afterward, P. B. Moon and J. R. 
Tillman in England obtained experi¬ 
mental evidence of this phenomenon 
by showing that neutrons after pass¬ 
ing through paraffin cooled to about 
— 180°C reacted more readily with sil¬ 
ver, rhodium and iodine than they did 
at ordinary temperatures. Slow neu- t 
trons are more easily captured by these 
nuclei than are fast neutrons (§ 11.46). 
Subsequently, several physicists made 
direct measurements of neutron veloci¬ 
ties, and confirmed the fact that the 
values were those to be expected for 
particles with thermal energies. 

11.38. It should be emphasized that 
the property possessed by neutrons, 
of having their energies reduced' from' 
millions of electron volts to thermal 
values of a fraction of an electron volt, 
and of still being capable of producing 
nuclear reactions, is very remarkable. 
Protons, alpha particles and other 
charged particles can be slowed down, 
but they can then no longer interact 
































324 

with nuclei, because they are unable 
to penetrate the electrostatic energy 
barriers. In any event, as the positive 
particles are slowed down they soon 
pick up electrons, becoming neutral 
atoms and losing their ability to cause 
nuclear transformations. Slow neu¬ 
trons, on the other hand, can enter 
nearly all atomic nuclei (§ 11.47), and 
induce fission of certain of the heavier 
ones (§ 13.71). It is these properties of 
the neutron, striking and unusual for 
a nuclear particle, which have made 
possible the utilization of atomic en¬ 
ergy. 

11.39. The average thermal (kinetic) 
energy of any particle is equal to 
%kT, where k is called the Boltzmann 
constant * equal to 1.38 X 10~ 16 erg, 
or 8.61 X 10 5 ev, per degree and T is 
the absolute temperature. The normal 
value of T is approximately 293° on 
the absolute scale, that is, 20°C, and 
so the thermal energy of a particle at 
ordinary temperatures is about 0.038 
ev. In neutron studies the thermal 
energy is usually taken as kT y f instead 
of %/cT, so that a thermal neutron 
is regarded as one with an average 
energy of 0.025 ev at normal temper-- 
atures. It is apparent, of course, that 
the energy of a thermal neutron will 
depend on the temperature of the sur- 
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roundings; thermal neutrons in a nu¬ 
clear fission reactor will have appreci¬ 
ably larger energies than such neutrons 
in the atmosphere because the temper¬ 
ature is higher. In any event, even at 
a specific temperature, not all thermal 
neutrons will have the same energy 
(or velocity); just as with molecules of 
a gas, there is a distribution of en¬ 
ergies, usually spoken of as the Max¬ 
well distribution.% The energies of most 
thermal neutrons lie close to the mean 
value, but there is a spread, with small 
proportions having very low and very 
high energies. For the purpose of sim¬ 
plicity, the energy distribution will be 
ignored in the subsequent discussion, 
as it remains essentially unchanged. 

11.40. Since the mean fractional de¬ 
crease of energy per collision can be 
determined, as indicated above, it is 
possible to calculate the number of 
collisions necessary to reduce the en¬ 
ergy of a neutron from a particular 
value, say 1 Mev, to the thermal 
energy of 0.025 ev at ordinary tem¬ 
peratures. The results obtained in this 
manner for a number of the lighter 
elements are quoted in the accom¬ 
panying table. It should be noted that, 
since the fractional energy loss in a 
given collision depends upon the angle 
of impact (§ 11.35), the values tabu¬ 
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Slowing Down of 1-Mev Neutrons 


Element 

H 

D 

He 

Be 

C 

O 

Mass number 

1 

2 

4 

9 

12 

16 

Fractional energy loss per collision 

0.63 

0.52 

0.35 

0.18 

0.14 

0.11 

Collisions for thermalization 

18 

25 

42 

90 

114 

150 

Capture cross section (barns) 

0.33 

0.00046 


0.009 

0.0045 

0.0002 


♦Named for L. Boltzmann, the Austrian mathematical physicist, who made important 
contributions to the kinetic theory of gases and related subjects, 
t This is the energy corresponding to the most probable velocity, 
i So called after J. C. Maxwell (§8 2,25, 3.22), who, in 1860, developed the theoretical equa¬ 
tion for the distribution of energy (or velocity) among gas molecules. 
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lated, as well as the numbers of col¬ 
lisions required to thermalize a 1-Mev 
neutron, are average values based on 
a large number of collisions between 
neutrons and the specified nuclei. 

11.41. It is seen that a 1-Mev neu¬ 
tron will, on the average, have to 
make about 18 collisions with hydro¬ 
gen nuclei before its energy is re¬ 
duced to thermal values, but approxi¬ 
mately 114 collisions will be necessary 
with carbon nuclei to bring about the 
same energy decrease.* The number 
of collisions necessary to thermalize a 
1-Mev neutron obvigusly increases 
with the mass number of the nucleus 
with which it collides; hence moder¬ 
ators for slowing down neutrons should 
consist of the lighter elements. In order 
that the thermalization process may 
take place as rapidly as possible, it 
is desirable to use a solid or liquid as 
moderator; the nuclei are then packed 
more closely than in the gaseous state, 
and collisions with neutrons occur 
more frequently. Substances like li¬ 
quid water and paraffin wax, the latter 
consisting of hydrogen and carbon, are 
thus cheap and convenient materials 
for slowing down fast neutrons. But 
neither of these is altogether satisfac¬ 
tory for use as a moderator, because 
there is an appreciable probability 
that the slow-moving neutron will re¬ 
act with, and hence be absorbed by, 
a hydrogen nucleus. In other words, 
the hydrogen nucleus has a relatively 
high cross section (§ 10.73) for the 
absorption of slow neutrons. This is 
shown by the approximate capture 
cross sections for thermal neutrons 
given in the last line of the table. 
Nevertheless, for reasons which will 
be apparent in Chapter XIV, there are 
several types of nuclear reactor in 
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which water is used as the moderator 
for slowing down neutrons. 

11.42. An ideal moderator, in the¬ 
ory, would be liquid helium, since this 
element does not absorb neutrons to 
any detectable extent under any con¬ 
ditions. But, since the temperature 
would have to be extremely low, usfc 
of liquid helium is, obviously, not 
practical. Of the remaining elements 
included in the table, deuterium, in the 
form of deuterium oxide (heavy wai¬ 
ter), beryllium and carbon offer dis¬ 
tinct possibilities, and these materials 
are actually used as moderators in 
various nuclear reactors. It will bp 
noted that the light elements lithium 
and boron have been omitted from 
consideration; the reason is that their 
nuclei have such high absorption cross 
sections for slow neutrons that* these 
substances have no practical value as 
moderators. 

11.43. The speed of a 1-Mev neu¬ 
tron is about 1.4 X 10 9 cm. per sec., 
and this is decreased to about 2.2 X 
10 5 cm. per sec., when the energy of 
the neutron is reduced to that ; of the 
thermal region. However, even a 
“slow,” thermal neutron still travels at 
a rate of appreciably more than a milp 
per second. After a neutron has been 
slowed down, a process which takes a 
very small fraction of a second, it still 
continues to move about the medium, 
colliding with nuclei, until it is'either 
captured or it escapes. The motion (or 
diffusion) of thermal neutrons is of 
great importance in connection with 
the design of nuclear reactors. The 
theoretical treatment of neutron diffu¬ 
sion, which involves mathematics of 
an advanced character, is somewhat 
similar to that used by engineers in 
the study of heat flow. 


♦ These collisions do not take into account the possible effect of crystal scattering 
(111.10), in graphite, for example, and also the increased scattering of slow neutrons by 
bound hydrogen, as in pnmffin, These factors are important, but they do not affect the 
main arguments. 
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NEUTRON REACTIONS 


Radiative Capture 

11.44. The neutron, being electri¬ 
cally neutral, is not subjected to elec¬ 
trostatic repulsion, as are charged par¬ 
ticles, when it approaches an atomic 
nucleus. In fact, as the neutron ap¬ 
proaches the nucleus, attractive forces 
begin to operate and the neutron may 
be captured with the formation of a 
compound nucleus. Because of the ab¬ 
sence of repulsion, there is no energy 
barrier preventing the access of the 
neutron to an atomic nucleus, and so 
even the slowest neutrons, such as the 
thermal neutrons described in the pre¬ 
ceding section, can be readily cap¬ 
tured. For the nuclei of most elements, 
other than the very lightest, the addi¬ 
tion of a neutron results in an in¬ 
crease of energy equal to about 8 Mev 
(§ 12.7), plus the kinetic energy of the 
incident neutron. Hence, even when a 
thermal neutron, with energy a small 
fraction of an electron volt, is cap¬ 
tured the compound nucleus formed 
will usually be in a high-energy, ex¬ 
cited state, which attains relative sta¬ 
bility by the ejection of a proton or an 
alpha particle or by emitting the ex¬ 
cess energy as gamma radiation. The 
residual nucleus is not always com¬ 
pletely stable, for it is frequently ra¬ 
dioactive. 

11.45. The first nuclear transmuta¬ 
tions brought about by neutrons were 
reported in 1932 by N. Feather in 
England, and by W. D. Harkins, D. 
M. Gans and H. W. Newson in the 
United States. Fast neutrons were em¬ 
ployed, and (n,a) reactions were ob¬ 
served with nitrogen, oxygen, fluorine 
and neon nuclei as targets. In 1934, 
D. E. Lea in England detected gamma 
rays when hydrogen-containing sub¬ 
stances were bombarded with fast neu- 


I trons; it was suggested that these rep¬ 
resented the energy liberated in the 
formation of a deuteron from a neu¬ 
tron and a proton, so that the reaction 
was a simple type of radiative cap- 
1 ture, i.e., (n,y), process. 

11.46. The great importance of the 
radiative capture reaction with neu¬ 
trons became apparent from the work 
of E. Fermi and his collaborators in 
Italy during 1934. At that time the 
known transmutation reactions in¬ 
volved only the lightest elements, but 
they found that of some sixty elements 
bombarded with neutrons, about two 
thirds, ranging from low to high 
atomic numbers, were converted into 
radioactive isotopes of the target 
material. In the course of these 
studies, the Italian scientists referred 
to in § 11.37 noted that if the neutrons 
were passed through water or paraffin 
they became much more effective in 
radiative capture (n,y) reactions. This 
extremely significant phenomenon was 
attributed to the slowing down of the 
neutrons by the hydrogen-containing 
material, the slow neutrons being more 
readily captured by the target nuclei. 
Subsequently, measurements of ab¬ 
sorption cross sections with neutrons 
of various speeds completely con¬ 
firmed this suggestion (§11.95). The 
discovery of transmutation by slow 
neutrons is historically significant, for 
it led ultimately to the realization of 
nuclear fission, and consequently to 
the practical possibility of utilizing 
nuclear energy. 

11.47. The radiative capture reac¬ 
tion with slow neutrons is probably 
the most common nuclear process, for 
it takes place with nearly all elements. 
As stated in § 10.42, the transmutation 
product is an isotope of the target ele¬ 
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ment with a mass number one unit 
larger. The energies, i.e., the, Q values, 
of these reactions are always positive, 
and much of this excess energy is 
emitted as gamma rays which are 
sometimes internally converted 
(§ 7.106). The simplest (n,y) reaction 
with slow neutrons occurs with hydro¬ 
gen as the target nucleus, thus, 

iH 1 + o n 1 —> ill 2 + y, 

the product being deuterium. This is 
the reaction whereby the absorption of 
slow neutrons by hydrogen, in water 
or paraffin, mentioned in § 11.41, takes 
place. The reaction is seen to be ex¬ 
actly the reverse of that described in 
§ 11.19 for the production of neutrons 
by the action of gamma rays on deute¬ 
rium. Since the minimum energy nec¬ 
essary for the latter reaction is known 
to be 2.225 Mev, it follows that in the 
(n,y) reaction with hydrogen, the en¬ 
ergy of the gamma radiation will have 
at least this value. The emission of 
such radiation, of relatively high en¬ 
ergy and penetrating power, has been 
confirmed experimentally. Cognizance 
must be taken of this fact when water 
or other hydrogenous material is used 
in connection with a nuclear reactor, 
either as moderator, as, a cooling 
agent, or as a shield to prevent escape 
of neutrons. 

11.48. Since the capture of a neu¬ 
tron, followed by the emission of 
gamma radiation, must be associated 
with an increase in the neutron-to- 
proton ratio, the product of an (n, y) 
reaction is likely to be radioactive, 
especially if the ratio of neutrons to 
protons in the target nucleus is al¬ 
ready near the upper limit of stability 
for the given atomic number. Conse¬ 
quently, radiative capture reactions 


have been extensively used for the pro¬ 
duction of radioisotopes (§ 17.20 et 
seq.). A radionuclide obtained in this 
manner will emit a negative beta-par¬ 
ticle,* for this mode of decay means 
that the neutron is replaced by a pro¬ 
ton, thus bringing the neutron-to-pro- 
ton ratio back into the range of stabil¬ 
ity. Over a hundred (n,y) reactions 
leading to beta-active isotopes have 
been reported. Two of these, in which 
Rh 103 and In 115 , respectively, are the 
target nuclei, i.e., : 

, 5 Rh 103 + on 1 45 Rh 104 (42 sec.) + y * 

49 In t15 + on 1 —> 49ln 1Ifim '(54 min.) + y, 

are of particular interest since they are 
used for the detection of neutrons of 
more or less specific energies, as men¬ 
tioned in § 11.33. 

11.49. Perhaps the most notable of 
all (n,y) reactions, to which reference 
only will be made here, as it will be 
treated more fully in later chapters, is 
that undergone by uranium-238 : ; thus, 

92 U 238 + 0 n ] -> 92 U 239 + y. ; 

The product uranium-239 is a negative 
beta-emitter with a half life of 23.5 
min,, decaying by the process 

92 U 239 -> 9 *Np 23y + 

the daughter being an element of 
atomic number 93, called neptunium 
(Np), which does not at present exist 
in nature to any detectable extent. 
Neptunium-239 is itself beta-active 
(half life 2.3 days), as follows, 

9 ,Np 23y 94 Pu 239 + _ie°, 1 

the product being plutonium-239, a 
relatively long-lived alpha emitter 
(§16.24). 


♦Several instances have been reported of positive beta-active or X-capture products 
from (n,y) processes; in each case the neutron-to-proton ratio of the target nucleus is near 
the lower limit of liability for the particular atomic number (8 12.41). 
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Ejection of Charged Particle 

11.50. It has already been stated on 
several occasions that a charged par¬ 
ticle, such as a proton or an alpha 
particle, is hindered from leaving an 
atomic nucleus by the electrostatic re¬ 
pulsion barrier. Hence, processes of 
the (n,p ), (n,d) and (n,a) types can 
take place only when the incident neu¬ 
tron supplies sufficient energy to over¬ 
come the force binding the charged 
particle in the compound nucleus and 
also to permit it to escape. It is conse¬ 
quently to be expected that these re¬ 
actions will, in general, require fast 
neutrons, and this has been found to be 
true, with some few exceptions which 
will be considered in due course. Fur¬ 
ther, since the force of electrostatic 
repulsion between a nucleus and a 
charged particle increases with the 
atomic number, that is, with the posi¬ 
tive charge, of the former, the requi¬ 
site neutron energy becomes greater 
with increasing atomic number of the 
target material. 

11.51. Nuclear processes of the (n/p) 
type are usually associated with a neg¬ 
ative reaction energy of the order of 
1 Mev or more, and so fast neutrons 
having this amount of energy, at least, 
are necessary. For a few light nuclides, 
He 3 and N 14 , in particular, the energy 
change for the (n,p) reaction is posi¬ 
tive, instead of negative, and, in ad¬ 
dition, the potential barrier inhibiting 
the escape of the proton is relatively 
low because of the small atomic num¬ 
bers of the nuclei. In these instances, 
the (n } p) processes, namely, H e s (n,p) 
H 3 and N 14 {n,p) C 14 , respectively, can 
therefore take place with slow neu¬ 
trons. The latter reaction is of special 
interest and importance, for it is used 
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in the preparation of the radioactive 
C 14 isotope of carbon. It will be seen 
in Chapter XVII that this nuclide has 
proved of exceptional value in the 
study of processes occurring in living 
organisms, and appreciable quantities 
are made by exposing pellets of beryl¬ 
lium nitride to the intense neutron 
concentration of a nuclear fission reac¬ 
tor. By the action of these neutrons the 
N 14 atom is transmuted into one of C 14 , 
by the (n,p) reaction mentioned above. 
After exposure, the material is dis¬ 
solved in acid and the evolved gases 
are oxidized by hot copper oxide to 
yield radiocarbon dioxide. The latter 
is absorbed in sodium hydroxide solu¬ 
tion and, from this, BaC 14 0 3 is pre¬ 
cipitated by means of barium hy¬ 
droxide. 

11.52. Because the gain of a neutron 
and the loss of a proton means an 
increase in the neutron-to-proton ra¬ 
tio, most of the products of (n,p) re¬ 
actions are radioactive, decaying with 
the emission of a negative beta-parti¬ 
cle.* It is to be noted that the nuclide 
resulting from the decay is identical 
with the original target material, and 
this fact permits some interesting light 
to be shed on the energy changes of 
the (n,p) reactions. 

11.53. Consider, for purposes of il¬ 
lustration, the N 14 (n,p)C 14 reaction, 
namely, 

7 N 14 + 0 n* -> 6 C 14 + iH 1 + Q } 

the radioactive C 14 decaying by the 
process 

6 C 14 —> 7 N 14 + — 16 ° + Em ax, 

so that the final product N 14 is identi¬ 
cal with the initial target nuclide. The 
I reaction energy of the (n,p) process is 


* A few exceptional cases are known in which the product of an (n,p) react ion is a posi¬ 
tive beta-emitter or exhibits X-capture; the neutron-to-proton ratios of ihe target species 
are here also, as in the analogous instances in § 11.48, at the lower limit of stability for the 
particular mass numbers. 
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is represented by Q, whereas the en¬ 
ergy change accompanying the beta 
decay is equivalent to E max (§7.48), 
the maximum energy of the emitted 
beta particles. 

11.54. The over-all result of the two 
processes is obtained by adding the 
two foregoing equations and canceling 
out such species as appear on both 
sides; the net effect is seen to be 

on 1 —■» 1 H 1 + _ie° + Q + E max* 

In other words, as a consequence of 
the (w,p) reaction and the ensuing 
beta decay, a neutron has been con¬ 
verted into a proton and an electron, 
together with, of course, a neutrino in 
the second stage. The energy change of 
this process is known to be 0.78 Mev 
(§ 11.7) and so it follows that Q + 
E max must have this same value. 

11.55. The result, derived above by 
taking a specific example, is com¬ 
pletely general for all cases of the type 
under consideration. The sum of the 
energy of the (n/p) reaction and the 
maximum energy of the beta decay 
which follows must inevitably add up 
to +0.78 Mev, so that the (n,p) reac¬ 
tion energy Q is equal to 0.78 — F max - 
In the majority of instances E mRK is 
larger than 0.78 Mev, so that the 
(n } p) reaction energy is negative, as 
stated above, but it happens that the 
energies of the beta particles emitted 
by tritium (H 3 ), by carbon-14 and by 
sulfur-35 are exceptionally low, 0.018, 
0.156 and 0.167 Mev, respectively. 
Hence the reactions He 3 (n,p)H 3 , 
N 14 (ft,p)C 14 and Cl 35 (n,p)S 35 , in 
which these species are formed, are 
aocompanied by positive energy 
changes, thus making it possible for 
the reactions to occur with neutrons 
of low energy. 

11.56. As indicated in § 10.43, proc¬ 
esses of the (n,d) type should require 
neutrons of high energy, but such re¬ 


actions are somewhat unexpected, in 
any event, since the emission of a 
neutron and a proton might be more 
probable. Nevertheless, ( n,d ) reactions 
have been detected as a result of the 
bombardment of elements of low, me¬ 
dium and high atomic number by 90- 
Mev neutrons. It appears that the in¬ 
cident neutron moves through the tar¬ 
get nucleus so rapidly that it some¬ 
times carries a proton with it, emerg¬ 
ing as a deuteron. There is some possi¬ 
bility that an ( n } t ) reaction takes 
place in an analogous manner. It 
should be pointed out, in accordance 
with the statement in § 10.59, that 
these reactions with high-energy parti¬ 
cles do not involve the formation of 
a compound nucleus in which there is 
a redistribution of energy. 

11.57. If it were not for thp elec¬ 
trostatic potential energy barrier which 
makes it difficult for an alpha particle 
to leave the compound nucleus, an 
(ft,a) reaction with a given target ma¬ 
terial would usually be more probable 
than the corresponding (n,p) process. 
The reason is that the removal of an 
alpha particle from a nucleus generally 
requires about 4 Mev (§ 10.9), where¬ 
as 8 Mev are necessary to detach a 
proton. Since the entering neutron con¬ 
tributes about 8 Mev, the reaction en¬ 
ergies for ( n,a ) processes usually have 
positive values. When the target ele¬ 
ment has a low atomic number, the 
potential energy barrier tending to 
hold back the alpha particle is not too 
high, and hence {n,a) reactions might 
be expected to take place when such 
elements are bombarded with slow neu¬ 
trons. This is actually the case with 
boron-10, the reaction B 10 (ft,a) Li 7 be¬ 
ing employed, as stated in § 11.26, for 
the detection of slow neutrons. 

11.58. Another process of the same 
type has been observed when low- 
energy neutrons react with the lighter, 
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less common Li 6 isotope of lithium; 
the (ft,a) reaction, with an energy 
change of about 4.5 Mev, is 

3 Li 6 + on 1 -> iH 3 + 2 He 4 , 

so that the product is tritium, the 
hydrogen isotope of mass number 3. 
The bombardment, by means of neu¬ 
trons from a nuclear reactor, of ordi¬ 
nary lithium, which contains about 7.5 
per cent of lithium-6, is the method 
used for the production of appreciable 
amounts of tritium. 

11.59. As the atomic number of the 
target nucleus increases, the height of 
the potential barrier rises rapidly, and 
emission of an alpha particle becomes 
less probable. In order for the (n,a) 
process to take place, additional en¬ 
ergy must be supplied in the form of 
kinetic energy of the neutron projec¬ 
tile; hence, for elements of higher 
atomic number the (ft,a) reaction is 
possible only if high-energy, that is, 
fast, neutrons are available. Processes 
of the (ft,a) type are not common with 
target materials of atomic number 
exceeding 40, although mercury, thal¬ 
lium and lead, atomic numbers 80, 81 
and 82, respectively, have been re¬ 
ported to react in this manner. As a 
general rule, when the neutron has 
sufficient energy to make the (ft,a) re¬ 
action possible with an element of 
high atomic number, other processes, 
such as (n,2n), take place in prefer¬ 
ence. 

11.60. In an (n,a) reaction, one neu¬ 
tron enters the system but two neu¬ 
trons and two protons leave, in the 
form of an alpha particle; conse¬ 
quently, the product nucleus has one 
neutron and two protons less than did 
the target. That is to say, the neutron- 
to-proton ratio of the product is 
greater than that of the bombarded 
species. It is not surprising therefore 
that most of the nuclides formed in 
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(ft,a) processes are radioactive, decay¬ 
ing with the emission of a negative 
beta-particle. Two examples, men¬ 
tioned in § 10.43, are 

9 F 19 + on 1 -> 7 N 16 + 2 He 4 , 

followed by the decay, with a 7.36- 
sec. half life, 

vN 16 _ie° + 8 0 16 , 

and 

30 Zn 68 + oft 1 —► 2 aNi 65 + 2 He 4 , 

followed by the decay, with a 2.56- 
hour half life, 

2 sNi 65 -> _ic° + 29 Cu 65 . 

Scattering of Neutrons 

11.61. For elements of low atomic 
number, the first excited energy level 
of the target nucleus is usually about 
1 Mev or more higher than the ground 
state. Consequently, elastic scattering 
of neutrons, without the formation of 
an excited state of the target element 
(§11.34), is more probable than in¬ 
elastic scattering, with the lighter ele¬ 
ments, unless the neutron energy ex¬ 
ceeds 1 Mev. With increasing atomic 
number the minimum excitation en¬ 
ergy of the nucleus decreases to about 
0.1 Mev (§11^107), and so neutrons 
with energy in excess of this amount 
can exhibit inelastic, as well as elastic, 
scattering with the heavier elements. 
In (ft,ft'), i.e., inelastic scattering, re¬ 
actions the fast neutron first unites 
with the target to form a compound 
nucleus; a neutron of lower energy is 
then emitted, leaving an excited state 
of the target nucleus as residue. 

11.62. In some cases, the transition 
of the excited state of the nucleus to 
the ground state, accompanied by the 
emission of the excess energy as 
gamma radiation, takes place within 
such a short time interval after the 
ejection of the neutron that the excited 
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state has virtually no independent ex¬ 
istence. The expulsion, from the com¬ 
pound nucleus, of the neutron and the 
gamma ray photon may thus be re¬ 
garded as taking place almost simul¬ 
taneously. Of greater interest, how¬ 
ever, is the type of inelastic scattering 
in which the transition from the ex¬ 
cited state to the ground state of the 
target nucleus is “forbidden.” The ex¬ 
cited state is then a metastable state, 
i.e., an isomer, of a stable nuclide; it 
has a fairly long half life, and decays 
by the emission of gamma rays at a 
measurable rate (§ 10.120). Four nu¬ 
clides exhibiting this type of behavior 
with fast neutrons are Rh 103 , Ag 107 , 
Cd m and In 115 . 

Fast-Neutron Reactions 

11.63. If an incident neutron has 
about 10 Mev energy, it contributes a 
total of approximately 18 Mev to the 
system, since the binding energy of a 
neutron is usually in the vicinity of 
8 Mev, except for the lightest ele¬ 
ments. Sufficient energy is conse¬ 
quently available to make it possible 
for two neutrons to be ejected from 
the compound nucleus. Hence, with 
neutrons of 10 Mev energy or more, 
processes of the (n,2n) type are ob¬ 
served, the probability (or cross sec¬ 
tion) increasing rapidly with increas¬ 
ing energy of the incident neutron. 
Such reactions have been detected with 
a large number of nuclides, ranging 
from carbon to uranium; two exam¬ 
ples are 

eC 12 + oft 1 — » fiC 11 + oft 1 + oft 1 

and 

92 U 238 + oft 1 -► 92 U 287 + oft 1 + 0 ft 1 , 

the residual nucleus being isotopic 
with, but one mass unit lighter than, 
the target in each case. 

11.64. About two thirds of the one 


hundred or so radioisotopes produced 
in (ft,2ft) processes decay with the 
emission of a positive beta-particle, or 
by the equivalent orbital-electron cap¬ 
ture (§10.106). This is in harmony 
with what might be expected, since the 
reaction is accompanied by a decrease 
in the neutron-to-proton ratio. The 
change is rectified by the conversion 
of a proton into a neutron, resulting 
from the ejection of a positron or the 
capture of an orbital electron. Thus, 
the decay of the 20.4-min. C 11 occurs 
by positron emission 

eC 11 +1 e° + gB 11 , 

whereas Hg 197 , obtained in the Hg 198 
(ft,2n)Hg 197 process, decays by K- 
capture, 

80 Hg 197 + -► 79 Au 197 

both final products being stable nu¬ 
clides. With elements of relatively 
high mass number, the neutron-to- 
proton ratio is normally considerably 
in excess of unity (§ 12.38), and the 
net loss of a neutron in the (ft,2ft) re¬ 
action does not necessarily lead to pos¬ 
itive beta-decay. In fact the emission 
of a negative beta-particle occurs in a 
number of instances, especially whe^e 
the neutron-to-proton ratio of the ori¬ 
ginal target nuclide, Ge 76 , Cd 116 , Ce 142 
and U 238 for example, is at the upper 
limit of the stability range. < 

11.65. If the energy of the incident 
neutron approaches 30 Mev, it is evi¬ 
dent that the compound nucleus 
should be able to eject three neutrons 
or even two neutrons and a proton. 
There will probably be sufficient en¬ 
ergy available to overcome the electro¬ 
static potential barrier which tends to 
prevent the escape of the proton, in 
the latter case. Thus, several exam¬ 
ples of (ft,3ft) and (n,2wp) reactions 
have been reported. When neutrons of 
very high energies, in the region of 
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100 Mev, are used as projectiles, nu- | 
clei of moderate mass number may 
undergo spallation (§10.62), while 
those of high mass number, notably 
bismuth and lead, suffer fission. 

11.66. Nuclear fission can be in¬ 
duced in certain nuclides, such as 
uranium-235, by neutrons of almost 
any energy, but in other cases, fast 
neutrons are necessary. These proc¬ 
esses, which are sometimes represented 
by the symbol (n,f ), will be discussed 
in some detail in Chapter XIII. 

Nuclear Cross Sections for 
Neutron Reactions 

11.67. The probability (or efficiency) 
of interaction between a given nucleus 
and an incident neutron is conveniently 
represented, as stated in § 10.73, by 
the nuclear cross section. This quan¬ 
tity may be regarded as the effective 
size of the target presented by the 
particular nucleus to the bombarding 
neutron. A great deal of work has 
been performed in connection with 
the determination of nuclear cross sec¬ 
tions for neutron reactions, but much 
still remains to be done, for the sub¬ 
ject has considerable practical and 
theoretical significance. The impor¬ 
tance of the cross section in relation to 
the development of atomic nuclear en¬ 
ergy may well be summarized in the 
words of A. H. Snell of the Oak Ridge 
National Laboratory. In an essay on 
Contemporary Neutron Physics, pub¬ 
lished in the journal Science in 1948, 
he said: . . a new scale of values of 
structural materials has sprung up; if 
a suggestion is made as to a new sub¬ 
stance for use as part of a reactor, the 
first question asked is not What is the 
tensile strength ?* or What is the 
cost?’, but rather What is the cross 
section?* ” But even before 1939, when 
the release of atomic energy was an 
uncertain possibility that might be 
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realized in the indefinite future, the 
study of nuclear cross sections for neu¬ 
tron reactions, referred to briefly as 
neutron cross sections, attracted con¬ 
siderable attention. The reason was 
that it was thought, with some justi¬ 
fication, that the information would 
contribute to a better understanding 
of the complexities of nuclear struc¬ 
ture. 

11.68. When physicists, around 1934, 
first reported measurements of neu¬ 
tron cross sections, the results ap¬ 
peared to be erratic and conflicting. As 
further experiments were made it soon 
became clear that the cross sections 
for fast and slow neutrons were often 
very different. However, even this dis¬ 
tinction was not entirely sufficient to 
bring order out of the chaos. It is now 
realized that a proper understanding 
of the subject requires a complete 
study of the cross sections of a given 
nuclear species for interaction with 
neutrons of various energies, from the 
lowest values, which might go down to 
0.001 ev, to values as high as 100 Mev 
or more. Much work has been per¬ 
formed with “slow neutrons” or “ther¬ 
mal neutrons,” but the results, al¬ 
though they may have some practical 
use, are not of fundamental signifi¬ 
cance. It will be seen shortly that a 
small difference in the neutron energy 
may sometimes be accompanied by a 
very large change in the cross section; 
consequently, it is often necessary to 
specify the precise energy for which 
the cross section is measured. A gene¬ 
ral description of the neutron energy, 
such as is implied by the term “ther¬ 
mal neutrons,” is then inadequate. 
Further, most of the measurements 
made hitherto have been with the ele¬ 
ments, usually consisting of a mixture 
of isotopes, as they occur in nature. 
Since the cross sections of isotopes of 
a given clement often differ consider¬ 
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ably, it will ultimately be necessary 
to obtain data for each individual nu¬ 
clide. 

11.69. Another factor which must 
be taken into consideration is that a 
given nucleus generally has a different 
cross section for each type of neutron 
reaction in which it can take part. For 
example, there is a cross section for 
elastic scattering, another for inelastic 
scattering, and still others for radia¬ 
tive capture (n,y ), for proton emission 
(n,p), for alpha-particle emission 
(n,a) and so on. With elements of high 
atomic number, such as thorium, ura¬ 
nium and plutonium, there are also 
fission cross sections. In due course, 
the separate cross sections for the dif¬ 
ferent processes to be taken into con¬ 
sideration will be determined, but in 
the meantime a rough subdivision into 
scattering and absorption cross sec¬ 
tions may be made. The former is the 
sum of the cross sections for elastic 
and inelastic scattering, and the latter 
is the total cross section for all proc¬ 
esses in which a neutron is captured 
and another particle (or particles) 
emitted. The sum of the scattering and 
absorption cross sections is the total 
neutron cross section for the given 
nuclide. 

11.70. The most direct procedure 
for determining total cross sections is 
to make use of the transmission 
method upon which equation (10.2) is 
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Fig. 11.3. Determination of neutron 
oross sections. 
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based. The experimental arrangement 
is depicted in outline in Fig. 11.3; it 
consists of a neutron source and a de¬ 
tector, between which can be placed 
a slab A of the experimental material. 
If 7 0 is the neutron intensity reaching 
the detector in the absence of the ab¬ 
sorbing material, and 7 is the value 
when the slab of thickness x, contain¬ 
ing N atoms per ce., is present, then 
it follows, upon taking the logarithm 
of equation (10.2) and rearranging the 
result, that 

2.303 . 7 0 

<n ' 6) 

where the factor 2.303 is used to con¬ 
vert natural to common logarithms. 
Since all the quantities of the right- 
hand member of this equation can be 
determined, the total cross section <r 
may be calculated. 

11.71. If the measurement just de¬ 
scribed is to give the sum of the scat¬ 
tering and absorption cross sections, 
it is necessary that the experimental 
arrangement should satisfy the condi¬ 
tion of what is known as “good geom¬ 
etry.* 7 In this condition, particles 
which have deviated even slightly 
from their original direction of motion, 
due to scattering, are not detected. 
The best way of achieving good geom¬ 
etry is to use a neutron shield, as indi¬ 
cated by S in Fig. 11.3, to restrict the 
neutrons to a narrow, parallel (or col¬ 
limated) beam. Only those neutrons 
which have neither been absorbed nor 
scattered will then reach the detector. 

11.72. By deliberately altering the 
arrangement of source, absorber arid 
detector so as to give “poor geometry** 
a distinction can be made between 
scattering and absorption. For ex¬ 
ample, the collimating shield is re¬ 
moved and the detector is placed at an 
angle of 90° from the incident beam of 
neutrons; that is to say, the detector 
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is in such a position that it can be 
reached only by neutrons which have 
been scattered through an angle ot 
90° Assuming, as is not always the 
case, that the neutrons are scattered 
fairly uniformly over all angles, the 
total scattering cross section can be 
calculated from the number scattered 
tit 90° The difference between tne 
total and scattering cross sections 
gives the absorption cross section. It 
a separation into elastic and inelastic 
scattering is required, it may be borne 
in mind that the latter probably does 
not occur with slow neutrons because 
the nuclear excitation energy is about 
0 1 Mev for heavy elements and ot the 
order of 1 Mev for the lighter ones 

(§ 11.61) ■ r 
11.73. Ideally, as indicated earner, 

it is desirable to determine the cross 
section of each isotopic constituent ot 
a given element. If the latter consists 
of two isotopes only, the problem is 
relatively simple; by making cross 
section measurements with two sam¬ 
ples containing different known pro- 
portions of the two nuclides, the con | 
tribution of each can be evaluated. 
There are possibilities even if three 
isotopes are present, provided a sam¬ 
ple which has been considerably en¬ 
riched in one or more can be obtained. | 
11.74. Another approach, which is 
applicable to absorption cross sections, 
has been opened up by the work, m the 
United States, of A. J. Dempster, one 
of the pioneers of the mass spectro¬ 
meter (§8.461. Scattering cross sec¬ 
tions, especially with fast neutrons, do 
not usually vary markedly from one 
isotope to another, but the absorption 
cross sections often show striking dif¬ 
ferences. Hence, it is in the latter 
connection that data for individual 
isotopes aie desirable; the following 
procedure may then be employed. The 
mass spectrogram of the target ina- 
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terial is taken before and after ex¬ 
posure to neutrons; from the change 
in the patterns, the relative amounts ot 
the various isotopes which have taken 
part in the neutron reactions can be 
estimated. A method is thus available, 
at least in principle, for apportioning 
the observed absorption cross sections 
among the various constituents. Fur¬ 
ther reference to this matter will be 
made later {§ 11.100). 

11.75. If a neutron absorption proc¬ 
ess leads to the formation of a radio¬ 
active nuclide which can be distin¬ 
guished by its activity, it is frequently 
possible to determine the cross section 
for that particular process. This is 
I'enerally referred to as the activation 
cross section. A thin foil of the experi¬ 
mental material is exposed to neutrons 
of known density, and after a certain 
time the activity, i.e., the rate of emis¬ 
sion of beta particles (or gamma 
rays), is measured by means or a 
suitable counter. By using the absorb¬ 
ing material in the form of a thin foil, 
the target does not absorb sufficient 
neutrons to cause any appreciable at¬ 
tenuation of the neutron beam. The 
absorption cross section is then cal¬ 
culated from the measured activity ot 
the foil in the following manner. 

11.76. Suppose the neutron source 
provides a neutron density of n neu¬ 
trons per cc. moving with a velocity v 
i cm. per sec., in a given direction, then 
the product nv, expressed m terms ot 
number of neutrons per sq. cm per 
sec . ia called the neutron flux. It is 
equal to the sum of the distances 
traveled by all the neutrons m l 
cc in 1 sec. and is therefore some¬ 
times called the track length. Assum¬ 
ing negligible attenuation, this may 
be regarded a„ being uniform through¬ 
out the whole thickness of the target 
foil If the latter contains N target 
nuclei per cc., and <r aq. cm. is the cross 
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section per nucleus, the quantity No 
per cm., called the macroscopic cross 
section , is the total cross section per 
cc. of the absorber. It gives the 
probability that a neutron will under¬ 
go the particular reaction under con¬ 
sideration while traversing 1 cm. of 
the foil material. Upon multiplying 
No, the probability of the reaction per 
centimeter, by the track length nv, 
the result nvNo gives the number of 
neutrons (or nuclei) interacting per 
cubic centimeter per second. If V 
cc. is the volume of the foil, the 
total number of nuclei reacting per 
second, which is equal to the rate of 
formation of product nuclei, is then 

A = nvNVo. (11.7) 

11.77. If the product of neutron 
capture is radioactive, as postulated 


above, it will commence to decay even 
while the foil is exposed to neutrons. 
After a moderate time, the rate of de¬ 
cay will be equal to the rate of forma¬ 
tion and an equilibrium condition will 
be attained. Since the value of A , as 
given by equation (11.7), is equal to 
the rate of formation of the radioap- 
tive nuclei, this also gives their rate 
of decay (or activity), as measured. 
Hence, rewriting equation (11.7) in 
the form 


it is seen that the absorption (or ac¬ 
tivation) cross section can be calcu¬ 
lated, provided the product .of the 
neutron density and velocity, i.e., the 
neutron flux, is known. This is usually 
determined with one of the counters 
described earlier. 


MONOENERGETIC NEUTRONS 


Neutron Velocity Selectors 

11.78. In the foregoing paragraphs, 
the general methods for studying nu¬ 
clear cross sections were outlined; it is 
now necessary to consider the devices 
called velocity selectors, whereby neu¬ 
trons of definite energy (or velocity) 
may be obtained. As stated in § 11.39, 
even thermal neutrons at a given tem¬ 
perature have a range of energies, and 
means must be found for selecting 
those with known energies. Two main 
techniques have been developed for 
making measurements with neutrons 
having specific, known energies (or 
velocities), These are the time-of- 
flight velocity selector and the crystal 
spectrometer. 

11.79. The time-of-flight velooity 
selector owes its origin to the work of 
L. W. Alvarez of the Radiation Labo¬ 


ratory, Berkeley. It requires a Neutron 
source which can be modulated in 
such a way that the neutrons are pro¬ 
duced in short pulses, lasting only a 
few millionths of a second, separated 
by longer intervals. The measurement 
of cross sections is then made by the 
transmission method, described in 
§ 11.70, with a detector which is also 
modulated so that it is sensitive only 
during certain periods, corresponding 
to the neutron pulses but delayed by a 
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Fio. 11.4. Principle of the time-of-flight 
velocity selector. 
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definite interval. The relationship of 
the neutron pulses to the periods of the 
detector sensitivity is represented di- 
agrammatically in Fig. 11.4, the latter 
being always t sec. behind the former. 
If l cm. is the distance from source to 
detector, it is apparent that the only 
neutrons which will register are those 
having a speed of l/t cm. per sec., for 
these are the only ones which can 
reach the detector while it is sensitive.* 
All other neutrons leaving the source 
will arrive during the “dead” period 
of the detector. 

11.80. The neutron intensities I and 
I 0 at the detector are determined with 
and without the absorber, respec¬ 
tively, and from these the total cross 
section for the neutrons with velocity 
l/t cm. per sec. is calculated by means 
of equation (11.6). By altering either 
the distance l between source and de¬ 
tector, or the time interval t between 
the neutron pulse and the sensitive 
period of the detector, or by changing 
both, the velocity of the detected neu¬ 
trons can be changed. Consequently, 
the cross section measurement can be 
made for a number of different neu¬ 
tron speeds. Because the distance l 
cannot be too large, nor the time t too 
small, there is an upper limit to the 
speed (and energy) of the neutrons 
which can be studied by the time-of- 
flight procedure. The practical range 
of measurements by this method is 
from 0.001 to about 10,000 ev.f 

11.81. Neutron pulses of short dura¬ 
tion, of the type suitable for use with 
a time-of-flight velocity selector, can 
be obtained by means of a particle ac¬ 
celerator (see Chapter IX), for these 
respond very rapidly when switched 
on and off. The high-energy particles, 
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such as electrons, protons, deuterons 
and alpha particles, produced in one 
or other of these devices, are allowed 
to impinge on a suitable target so as 
to produce the requisite neutron beam. 
The neutrons formed in this manner 
generally have high speeds and they 
must first be slowed down to some ex¬ 
tent since the time-of-flight procedure 
can be used only with neutrons hav¬ 
ing moderate or low speeds. 

11.82. When a nuclear reactor is 
used as the source of neutrons, the 
pulses are obtained by means of a 
mechanical velocity selector , some¬ 
times referred to as a “neutron chop¬ 
per.” A selector for slow neutrons 
makes use of the fact that cadmium 
strongly absorbs neutrons with en¬ 
ergies less than about 0.3 ev (§ 11.98), 
but certain other metals, such as alu¬ 
minum, exhibit little absorption in 
this region. A cylinder, made up of 
alternate layers of cadmium and alu¬ 
minum running parallel to the axis, is 
rotated before a strong source of slow 
neutrons, e.g., a nuclear reactor. This 
device acts as a shutter and only when 
the laminations are parallel to the neu¬ 
tron direction, as shown in Fig. 11.5,1, 
can the neutrons get through to the 
detector. For the time-of-flight tech¬ 
nique, the detector must be sensitive 
for a short period at a definite inter¬ 
val after the neutrons have been trans¬ 
mitted. The timing is achieved by 
means of a mirror fixed to the rotating 
cylinder, as shown; when this mirror 
is in the correct position, as repre¬ 
sented in Fig. 11.5, II, light is reflected 
from it on to a photocell which acti¬ 
vates the detector. The time t sec., 
elapsing between the instant the shut¬ 
ter permits the neutrons to pass 


Sourcebook on Atomic Energy 


* The method gets its name from the fact that t is the time of flight, from source to de¬ 
tector, of the particular neutrons which reach the detector while it is sensitive. 

t A 10,000-ev neutron hna fl speed of approximately 1.4 X HP cm, per sec., so that it travels 
140 cm. in n one-millinnlh part of a second. 
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through and that when the detector is 
sensitive, is determined by the speed 
of rotation of the cylinder and also by 
the relative positions of light source 
and photocell, all of which can be 
varied. If l cm. is the distance from 
the source to the detector, the only 
neutrons which can be detected are 
those with a speed of l/t cm. per sec. 
The absorption cross section for these 
particular neutrons can then be de¬ 
termined, in the manner already de- 


DETECTOR 



can get through, for short pulses at 
regular intervals, only when the slits 
in the rotating cylinder are aligned 
with those in the stationary one. A 
so-called “fast” chopper of this type 
can be used with neutrons having 
energies up to about 5000 ev. 

11.84. Owing to the diffraction by 
crystals of neutrons with energy about 
0.02 ev, as stated in § 11.12, there are 
certain directions in which the re¬ 
flected neutrons have increased intens- 
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Fig. 11.5. The mechanical velocity selector for neutrons of low 

energy. 


scribed, by introducing the absorbing 
material at A, shown in Fig. 11.5,1. 

11.83. Since cadmium is not a good 
absorber of neutrons having energies 
in excess of about 0.3 ev, the velocity 
selector described above cannot be 
used for such neutrons. Another type 
of mechanical selector, often referred 
to as a “fast neutron chopper,” is 
therefore employed. In one form, two 
steel cylinders, about 16 in. long and 
4 in. diameter, are mounted horizon¬ 
tally, end to end, in front of the neu¬ 
tron source. Each cylinder has a num¬ 
ber of narrow slits on the outside, run¬ 
ning parallel to the axis. One cylinder 
is rotated at high speed, whereas the 
other is stationary, so that neutrons 


ities. The condition for the diffraction 
maxima may be obtained by combin¬ 
ing the Bragg equation (2.13), which 
is also applicable to neutron diffrac¬ 
tion, with the de Broglie equation 
(3.7) for the neutron wave length, 
namely A = h/mv ; the result is 


or 


sin 0 = 


nh 

2 dmv 


(11.9) 


v 


_ nh 

2 dm sin 8 


( 11 . 10 ) 


where, as before, m is the mass of the 
neutron, v its velocity, d is the dis¬ 
tance betweon successive reflecting 
planes of the crystal, h is the Planck 
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constant, and n is an integer. Since m 
and h are constants, it follows that, 
for neutron diffraction by a given 
crystal, for which d is constant, the 
glancing angles 6 for maximum reflec¬ 
tion are directly related to v, the neu¬ 
tron velocities. 

11.85. The result just derived forms 
the basis of the crystal spectrometer 
velocity selector. Slow neutrons from 
an intense source are allowed to im¬ 
pinge on a crystal, and a detector is 
placed so that the diffracted beam 
falls upon it, as shown in Fig. 11.6. 



Fig. 11.6. Crystal spectrometer velocity 
selector. 

Neutrons of various speeds are present 
in the beam, but for any arbitrarily 
chosen value & of the glancing angle, 
the great majority of the neutrons 
reaching the detector will have a ve¬ 
locity given by equation (11.101. The 
crystal spacing d is known, and the 
only uncertain factor in this equation 
is the integer n ; however, except for 
large glancing angles, this is almost 
invariably unity, and so the velocity 
of the neutrons reflected at the angle 
6 can he calculated. The intensity 
measured by the detector, with and 
without the slab A of absorber, per¬ 
mits the nuclear cross section of the 
latter, for the neutrons of this jmrtic- 
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ular velocity for the chosen value of 6, 
to be determined in the usual manner. 

11.86. If the glancing angle 6 is 
changed, neutrons with a different ve¬ 
locity will now reach the detector, so 
that there will be a range (or spec¬ 
trum) of neutron velocities corre¬ 
sponding to variations in the angle be¬ 
tween the neutron beam and the re¬ 
flecting surface of the crystal, lor this 
reason the instrument is sometimes 
referred to as a neutron spectrometer. 
By making transmission measure¬ 
ments, as described above, with dif¬ 
ferent settings of the angle of the spec¬ 
trometer, it is consequently possible 
to determine the absorption cross sec¬ 
tions for a range of neutron energies. 
Because the glancing angle diminishes 
with increasing neutron velocity, the 
former ultimately becomes too small 
to be measured with any degree of 
accuracy. This sets an upper limit to 
the speed, and energy, of the neutrons 
which can be studied in the crystal 
spectrometer. The practical range of 
usefulness is found to be from about 
0.01 to 100 ev. 

Sources of Monoenergetic 
Neutrons 

11.87. As already indicated, the 
time-of-flight methods can be em¬ 
ployed only for neutrons with energies 
from about 0.001 to 10,000 ev, i.e., up 
to 0.01 Mev. It happens that this is a 
particularly interesting energy range, 
but it is nevertheless desirable to ob¬ 
tain cross sections for neutrons of 
higher energy. No device analogous to 
a velocity selector has yet been de¬ 
veloped for the study of fast neutrons, 
but monenergetic neutron beams oi 
certain specific and known energies can 
be obtained from some of the sources 
described in §11.14 et seq. The photo- 
neutron sources, in which gamma rays 
| from artificial radioisotope's produce 
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neutrons from deuterium or beryllium, J 
are particularly useful for this purpose. 
For example, the decay of the 15.0-hr. 
Na 24 isotope of sodium is accom¬ 
panied by the emission of 2.75-Mev 
gamma rays; if these undergo the 
{y,n) reaction with beryllium, for 
which the threshold energy is 1.66 
Mev, the energy of the resulting neu¬ 
trons is about eight-ninths of 2.75 — 
1.66, i.e., 0.97 Mev, the remaining 0.12 
Mev being recoil energy. Monoener¬ 
getic neutron , beams, covering a range 
of energies from about 0.03 to 1 Mev, 
have been obtained from various 
photoneutron sources. 

11.88. Another source of monoener¬ 
getic neutrons is the Li 7 (p,n)Be 7 re¬ 
action, the energy of the incident pro¬ 
tons being carefully controlled. As 
stated in Chapter IX, the Van de 
Graaff electrostatic generator can yield 
protons with definite energies up to 
about 8 Mev, and these may be used 
to bombard lithium targets. With pro¬ 
tons of energy which exceeds the 
threshold value of 1.88 Mev (§ 11.18) 
by the least practical amount, it is 
possible to obtain neutrons of about 
0.05 Mev energy. By steadily increas¬ 
ing the energy of the incident protons, 
monoenergetic neutrons with energies 
up to 3 Mev can be produced. 

11.89. Two sources of approximately 
monoenergetic neutrons of still higher 
energies are the reactions Be 9 (d,n)B 10 
and Li 7 (d,n)Be 8 , for which the ener¬ 
gies are approximately 4 and 15 Mev, 
respectively. Another procedure for 
obtaining monoenergetic neutrons of 
fairly high energy makes use of the 
(d y n) reaction between accelerated 
deuterons and tritium absorbed on a 
zirconium foil target, i.e., H s (rf,n)He 4 . 
The reaction energy in this case is 17.6 
Mev, to which must be added the en¬ 
ergy of the dcuteron; four fifths of 
the total energy released is acquired 


by the neutron, so that its minimum 
energy is 14.1 Mev. By the use of 
accelerated deuterons, preferably from 
an instrument which yields particles 
of fairly uniform energy, high-energy 
neutron beams, up to 20 Mev or more, 
can be made available for cross section 
measurements. 

11.90. At the other extreme, there is 
the problem of obtaining neutrons of 
very low energies. In this connection, 
an interesting procedure, which makes 
use of the diffraction of neutrons by 
crystals, has been devised. Consider 
a block of material, such as graphite, 
consisting of a very large number of 
randomly oriented, small crystals. A 
beam of thermal neutrons is allowed to 
enter the graphite, and since the many 
crystals are arranged at a great yariety 
of angles, neutrons of a considerable 
range of velocities, as determined by 
equation (11.10), will suffer diffraction. 
These neutrons will be reflected from 
one crystal to another, so that very 
few will escape from the block of 
graphite. However, there is a velocity 
limit below which neutrons will not 
undergo diffraction in the given ma¬ 
terial; this limit occurs when the glanc¬ 
ing angle 0 necessary to produce dif¬ 
fraction is 90°, and sin 0 is unity. Upon 
inserting this value for sin 8 in equation 
(11.10) and taking the integer n to be 
unity, the corresponding velocity is 
found to be h/2dm , where d * is the 
maximum spacing of the reflecting 
planes in the graphite crystals, namely, 
3.4 X 10 -8 cm. 

11.91. Neutrons with smaller veloci¬ 
ties could be diffracted only if the 
glancing angle were greater than 90°, 
which is impossible. Consequently, 
thermal neutrons with velocities ex¬ 
ceeding this limiting value will be dif¬ 
fracted and scattered by the material, 
but those with smaller velocities will 
pass right through. The graphite thus 
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acts as a velocity (or energy) filter, 
which retains nearly all thermal neu¬ 
trons with velocities greater than h/ 6.8 
X 10 -8 m cm. per sec. The correspond¬ 
ing kinetic energy minimum {y 2 mv 2 ) 
can be readily calculated, and this is 
found to be 0.0018 ev. Thus, by pass- 
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ing a heterogeneous beam of thermal 
neutrons through a long block of graph¬ 
ite (§15.50), only very “cold” neu¬ 
trons, with energies less than 0.0018 
ev, will emerge, corresponding to tem¬ 
peratures below about 20° Absolute or 
—250°C. 


RESONANCE CAPTURE OF NEUTRONS 


Results of Cross Section 
Measurements 

11.92. As stated earlier, it would be 
desirable to determine the neutron 
cross sections of each individual nu¬ 
clide for every possible type of nuclear 
interaction, including scattering, over 
a large range of neutron energies. The 
completion of such a program will ob¬ 
viously require a tremendous amount 
of work, and the investigations so far, 
extensive as they have been, can be 
regarded as touching no more than the 
fringes of the subject. However, from 
the work already done, certain gener¬ 
alizations of a broad character have 
appeared and these will be considered 
here. 

11.93. The results of major interest 
have been obtained in connection with 
the variation of nuclear reaction cross 
sections with the energy of the incident 
neutron. But before these are described, 
brief reference will be made to scatter¬ 
ing cross sections. With the exception 
of hydrogen, for which the value is 
fairly large, the elastic scattering cross 
sections are generally small, e.g., 5 to 
10 barns (§ 10.79). This is of the order 
of magnitude of the actual (or geo¬ 
metrical) cross-sectional area to be 
expected for atomic nuclei. At high 
neutron energies, the elastic scattering 
cross section may decrease somewhat, 
the limiting value approaching the 
geometrical area irR 2 , where R is the 
nuclear radius. For the present purpose, 
the radius may be related to the mass 


number A by the expression R — 1.5 X 
10^ 13 A 1/s cm., so that the nuclear 
scattering cross section is approxi¬ 
mately 0.7 X 10- 24 A 2/3 sq. cm. (or 
0.7 A 2/3 barn) for neutrons of high 
energy. 

11.94. As seen in §11.61, for in¬ 
elastic scattering to occur, the neutron 
energy must exceed a certain amount, 
dependent upon the nature of the 
nucleus. If the energy is less than this 
threshold value, the cross section is 
zero; even for higher energies it is 
small, rarely exceeding a few bams. 
As a rough guide, it may be assumed 
that, at high neutron energies, above 
10 Mev, the inelastic scattering cross 
section is equal to the geometrical 
cross section of the nucleus, i.e., ? tR 2 . 

11.95. In considering nuclear ab¬ 
sorption (or reaction) cross sections, 
i.e., for reactions in which the neutron 
is captured by the target nucleus, and 
another particle (or a gamma ray) is 
emitted, the variation with neutron 
energy is often quite complicated. For 
the great majority of the lighter ele¬ 
ments, i.e., in the mass number range 
up to about 100, with the exception of 
helium-3, lithium-6 and boron-10, to 
which reference will be made shortly, 
the absorption cross sections are small, 
ranging from a fraction of a barn (see 
table in § 11.40) to a few barns for 
slow (or thermal) neutrons. These 
cross sections do not vary greatly with 
energy, although there is generally a 
decrease at high energies. 
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11.96. For many elements with mass 
numbers exceeding 100, the absorption 
cross sections are small and exhibit the 
same characteristics as those just 
described for the lighter elements. 
However, for a considerable number 
of nuclides of moderately high (or 
high) mass numbers, a very different 
type of behavior has been observed. 
An examination of the variation of the 
absorption cross section with the en¬ 


It may be significant that 1/v is a 
measure of the time spent by the 
neutron within a given distance, such 
as, for example, the diameter of the 
nucleus. It would appear, therefore, 
that in the “1/v region” the prob¬ 
ability of interaction between the neu¬ 
tron and the nucleus, as measured by 
the cross section, is proportional to the 
time the former spends in the vicinity 
of the latter. 



Fig. 11.7. Absorption of neutrons by cadmium, showing the 
resonance peak at 0.176 ev. 


ergy (or speed) of the incident neutron, 
particularly for radiative capture 
(n,y) reactions, reveals the existence 
of three regions. There is first a low- 
energy region, which includes the 
thermal range and often extends be¬ 
yond, where the cross section decreases 
steadily with increasing neutron en¬ 
ergy. In this region, the absorption 
cross section, which is often high, is 
inversely proportional to the velocity. 
The energy range in which this occurs 
is frequently spoken of as the “ 1/v 
region,” because the absorption cross 
section is proportional to 1/v, i.e., to 
the reciprocal of the neutron velocity. 


11.97. Following the somewhat in¬ 
definite “1/v region,” there occurs the 
“resonance region,” in which the cross 
sections rise sharply to high values, 
called resonance peaks , for neutrons of 
certain energies, and then fall again 
(§ 10.70). Some elements, notably 
cadmium and rhodium, have only one 
peak, while others, such as, indiuija, 
silver, iridium, gold and uranium have 
two, three or more peaks. These regions 
of exceptionally high absorption usu¬ 
ally occur with neutrons of energy 
between 0.1 and 100 ev, although the 
range may extend up to 1000 ev in 
some cases. Uraniuin-238, for example, 
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exhibits eight sharp resonance peaks, 
and several smaller ones, in the neutron 
energy region from 6.5 to about 200 
ev. The peak at 6.5 ev corresponds to 
an absorption cross section of nearly 
7000 barns. 

11.98. With neutrons of high energy, 
in the Mev range, the cross sections 
are low, being less then 10 barns, com¬ 
pared with possibly hundreds or thou¬ 
sands for the resonance peaks men¬ 
tioned above. There is usually a grad¬ 
ual decrease with increasing energy, 
although peaks of a very minor charac¬ 
ter have been reported between 0.1 and 
1 Mev for some elements. The general 
type of behavior may be illustrated 
with reference to the neutron cross 
sections of cadmium, since this is a 
simple case of practical importance. 
The variation of total cross section 
with neutron energy is shown in Fig. 
11.7; the results are plotted on loga¬ 
rithmic scales so as to make it possible 
to include the large ranges of both 
cross sections and energies. An ap¬ 
proximate li \/v region” extends up to 
about 0.03 ev where the total cross 
section is about 2500 barns. This is 
followed by a resonance peak, the 
cross section reaching a maximum 
of 7800 barns at 0.176 ev. The cross 
section then drops sharply, with in¬ 
creasing neutron energy, falling to 5 
bams at 5 ev, at which value it re¬ 
mains approximately constant, with a 
few minor resonance peaks, right up to 
10 Mev. 

11.99. Incidentally, an examination 
of Fig. 11.7 shows very clearly the 
necessity for the use of precisely con¬ 
trolled monoenergetic neutrons in cross 
section studies, particularly in the re¬ 
gion of low energies. For 0.1-ev and 
0.25-ev neutrons, the total cross sec¬ 
tions of cadmium are 3500 and 2500 
barns, respectively, compared with 
7800 barns for neutrons of 0.176 ev 
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energy. It is evident that a slight 
change in the energy (or velocity) of 
the neutrons has a considerable in¬ 
fluence on the results obtained in this 
region. In such cases cross sections for 
“slow neutrons” are virtually meaning¬ 
less. 

11.100. The study of cadmium has 
proved of interest because it has been 
established that the exceptionally high 
cross section is mainly due to the Cd 113 
isotope; the peak value for this nuclide, 
which is present to the extent of 12.3 
per cent in normal cadmium, has been 
estimated at about 20,000 barns. Strik¬ 
ing proof that Cd 113 absorbs neutrons 
very strongly was obtained by A. J. 
Dempster, by the method referred to 
in § 11.74. Normal cadmium was ex¬ 
posed to slow neutrons, and after some 
time specimens of the metal from the 
surface, where the interaction with 
neutrons had occurred, and from the 
interior, which had been protected 
from reaction, were subjected to mass- 
spectrographic examination, with the 
result shown in Fig. 11.8. It is seen 


no uz m us 



Fig. 11.8. Dempster’s identification of 
cadmium-113 as the strong neutron ab¬ 
sorber. (From Phys. Rev., 71, 829 (1947)). 


that the isotope of mass number 113 
has essentially disappeared from the 
surface while the proportion of the 
114-isotope has increased. It is ap¬ 
parent, therefore, that the interaction 
of slow neutrons with cadmium con¬ 
sists largely of an (n,y) reaction with 
Cd 113 , in which the latter is converted 
into Cd 114 . 
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11.101. Other elements which exhibit 
relatively sharp resonance peaks for 
slow neutrons, with cross sections at¬ 
taining thousands of barns, are the 
following: rhodium (1.3ev),silver (5.2 
ev), indium (1.5 ev), samarium (0.1 
cv), europium (0.45 ev), iridium (0.65, 
1.25, 5.5 ev) and gold (4.8 ev). 

The Breit-Wigner Theory 

11.102. The theory of the absorption 
of neutrons at, and in the vicinity of, 
the resonance peaks was worked out 
by G. Breit and E. P. Wigner in the 
United States in 1936, and the result¬ 
ing Breit-Wigner formula, as it is 
called, has formed the basis of the 
interpretation of neutron cross sections. 
The fundamental principle involved 
is similar to that described in § 10.70; 
if the energy of the neutrons is such 
that a compound nucleus can be 
formed at or near one of its energy 
levels, then the probability of capture 
of these neutrons will be exceptionally 
high. The treatment which Breit and 
Wigner found most successful was 
similar to that which had previously 
been employed in connection with the 
dispersion of light, and so it is some¬ 
times referred to as dispersion theory . 

11.103. The actual formula obtained 
from dispersion theory is too compli¬ 
cated to be given here, but some of the 
general conclusions can be indicated. 
In the first place, the Breit-Wigner 
formula leads to the conclusion that, 
fct low neutron energies, the absorption 
cross sections should be inversely pro¬ 
portional to the neutron speed, as is 
actually observed in the “l/v region.” 
Further, in the resonance region, the 
height of a resonance peak, for a given 
nucleus, is expected to vary approxi- j 


mately inversely as the square root of 
the neutron energy at which the peak 
occurs. This is in agreement with the 
observation that resonance peaks with 
large cross sections are found only in 
regions of low neutron energy. As 
stated above, such maxima as are 
observed for high-energy neutrons rep¬ 
resent cross sections of a few, barns 
compared with thousands for slow 
neutrons. 

11.104. Another factor which, ac¬ 
cording to the Breit-Wigner theory, 
affects the cross section, is a quantity 
approximately equivalent to the width 
of the resonance peak. In a general 
way, if the peak is broad, covering a 
large energy range, the cross sections 
are likely to be somewhat decreased, 
as compared with the case of a sharp 
and narrow peak. The width jof the 
resonance peak is inversely related to 
the life of the excited state of the com¬ 
pound nucleus.* Consequently, an ex¬ 
cited state of short life, for example, 
will mean a broad resonance peak, and 
hence a somewhat lower cross section 
for that particular energy value. 

11.105. It is of interest in this con¬ 
nection to consider the variation with 
the neutron energy of the cross section^ 
of boron for the (n,a) reaction, in 
which the B 10 isotope is mainly con¬ 
cerned. The results are depicted in Fig. 
11.9 which is also logarithmic in both 
directions. Similar behavior is ex¬ 
hibited by the {n,a) reaction with Li 6 
and the {n,p) reaction with He 3 . It is 
seen that, although the absorption 
cross sections are relatively large for 
neutrons of low energy, there' is no 
resonance peak. In fact, the straight 
line in Fig. 11.9 shows that the l/v 
law, which normally breaks down in 


Ii may be noted that this inverse relationship js* tin aspect, of the uncertainty principle 
imnlioned in §3.45. When \hv. nominee prnk for n given energy level ia narrow, 1 he energy 
ffcU be known with some certainty, and hence there will be a large uncertainty In the time 
fad or, that ii, in the life of the nucleus in that state, and vice versa, 
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the resonance region, is obeyed by 
boron over the considerable energy 
range from 0.01 to 1000 ev, at least. 



Fig. 11.9. Absorption of neutrons by 
boron, with no resonance peak. 


11.106. It will be noted that the 
cases under consideration represent 
reactions in which a charged particle, 
either an alpha particle or a proton, is 
emitted. It is known from theoretical 
considerations that, when an excited 
compound nucleus has sufficient en¬ 
ergy to make emission of a charged 
particle possible, the process will occur 
very rapidly. In other words, the ex¬ 
cited energy state has a short life; 
hence the resonance “peak” will be 
broad. In the present instances, it is 
so broad as not to be apparent as a 
peak. The Breit-Wigner theory shows 
that in these circumstances, the cross 
section should be inversely propor¬ 
tional to the neutron speed (1/v law), 
as is actually the case. 

11.107. The fact that resonance ab¬ 
sorption takes place with slow neu¬ 
trons, with energy usually less than 
100 ev, finds an interpretation along 
the following lines. According to esti¬ 
mates made by N. Bohr, the energy 
level separations of a nucleus are ap¬ 
proximately of the order shown in Fig. 
11.10. Near the ground state the sepa¬ 
ration of successive levels, for an ele¬ 
ment of moderately high atomic 
weight, is about 0.1 Mev. A neutron 
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with less than this amount of energy 
undergoes elastic scattering, as men¬ 
tioned in § 11.61, since it is incapable 
of raising the nucleus from its lowest 
(ground) state to an excited state. As 
the energy of the nucleus is increased, 
the separation of the energy levels de¬ 
creases, and in the region of about 8 
Mev the successive levels are about 
10 ev apart. For still higher energies, 
the successive levels become so close 
that they are practically continuous. 

REGION OF EXCITED 
(COMPOUND)NUCLEUS 


~ 6 Mev 

(BINDING ENERGY 
OF NEUTRON) 


_J_ ___ ~ O.l Mev 

GROUND STATE OF NUCLEUS 

Fig. 11.10. Schematic representation of 
separation of energy levels near the 
ground state and in a highly excited nu¬ 
cleus. 

11.108. When a neutron of low, vir¬ 
tually zero, energy enters a nucleus of 
moderate atomic weight, the energy of 
the compound nucleus formed is about 
8 Mev above the ground state value, 
due to the binding of the additional 
neutron. The energy levels in the 
resulting compound nucleus are now 
usually about 10 ev apart, and hence 
a small, additional (kinetic) energy of 
the incident neutron may provide the 
condition for resonance capture. When 
several resonance peaks of neutron 
cross sections are observed, these are 
separated by energies of the order of 
10 ev or so, as is to be expected. 
Finally, if the neutron has 1 Mev or 
more of kinetic energy, the nuclear 
energy levels are now so close that no 
specific peaks can be observed. In a 
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sense, the absorption of all high- 
energy neutrons is by resonance, al¬ 
though the cross sections are then very 
small, in accordance with the require¬ 
ments of the Breit-Wigner formula. 

Cross Sections and 
Nuclear Dimensions 

11.109. As seen above, many neu¬ 
trons reactions and scattering cross 
sections are not very different from 
the geometrical cross sections of the 
nuclei, namely, from 2 to 5 barns. If 
this is the case, then an obvious 
question may be asked: How is it 
possible to account for the observed 
cross sections of several thousand 
barns? A cross section of 10,000 barns, 
for example, would mean a nuclear 
radius close to 10 -10 cm., instead of 
the accepted value of approximately 
10 -12 cm. The explanation of these 
results can be found in the wave- 
particle duality of matter or in the 
uncertainty principle, both of which 
are aspects of the same fundamental 
law of nature (§ 3.45 et seq.). 

11.110. According to equation (11.5), 
the wave length of a 20-Mev neutron 
is about 0.6 X 10 -12 cm., which is of 
the same order of magnitude as nuclear 
radii. Interaction between the neutron 
and a nucleus can then be regarded 
from the standpoint of classical me¬ 
chanics, and the scattering cross section 
is virtually identical with the geometri¬ 
cal nuclear cross section. But with 
very slow neutrons the conditions be¬ 
come quite different. The wave length 
associated with a 1-ev neutron is 
2.87 X 10 -9 cm., and such a neutron 
can no longer be treated as a point 
particle colliding with a nucleus, but 
rather as a wave which can engulf 
many nuclei. The measured cross sec¬ 
tion in these circumstances is not 
strictly that of the nucleus; it is more 
reasonable to consider it as the area 


surrounding a nucleus, within which a 
neutron is likely to be capable of inter¬ 
acting with it. 

11.111. The situation may be con¬ 
sidered, alternatively, from the stand¬ 
point of the uncertainty principle. Ac¬ 
cording to this principle, if the speed 
of a particle can be estimated with 
some exactness, its position will be 
known less definitely. The smaller the 
speed of a neutron, the more precisely 
can it be known, and consequently the 
greater is the uncertainty in its posi¬ 
tion. Hence, instead of being located 
at a definite point, the neutron may 
be regarded as having a large effective 
area. 

11.112. It is of interest to mention 
that scattering cross sections' deter¬ 
mined with approximately 100-Mev 
neutrons, obtained by. the “strapping” 
of 200-Mev deuterons, are appreciably 
smaller than those for 20-Mev neu¬ 
trons, especially for the lighter nuclei. 
For 270 to 280-Mev neutrons, pro¬ 
duced by 350-Mev protons on beryl¬ 
lium, the cross sections are smaller 
still. At these high energies, the neu¬ 
tron wave length is 0.2 to 0.3 X 10“ 12 
cm., which means that the neutron 
behaves as such an extremely small 
particle that there is a distinct prob¬ 
ability it will pass right through an 
atomic nucleus, without being affected. 
The nuclear cross section thus appears 
to be smaller than would be the case 
for ordinary scattering. The striking 
variation in nuclear cross sections for 
interaction with neutrons serves to 
emphasize the point that classical 
ideas of size do not have real signifi¬ 
cance when applied to the lightest 
particles of matter. 

Modification of Compound 
Nucleus Model 

11.113. Although the compound nu¬ 
cleus model, as described in Chapter 
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X, has proved very useful in providing 
a qualitative understanding of nuclear 
reactions, measurements of neutron 
cross sections have shown that it ien¬ 
quires some modification. The reso¬ 
nance phenomena observed at low 
neutron energies, e.g.? less than 1000 
ev, represent special circumstances, 
dependent upon the energy levels in 
the excited nucleus. But* in the range 
of neutron energies from about 0.05 to 
3 MeVj some anomalies exist which 
cannot be explained in terms of the 
simple compound nucleus model 
11,114. If the total cross sections, 
including the contributions of both 
neutron scattering and absorption, are 
averaged over individual fluctuations 
and minor resonances, certain vari¬ 
ations are observed. According to the 
compound nucleus theory? these cross 
sections, for a given element, should 
decrease steadily with increasing neu¬ 
tron energy. Tn some instances, this is 
certainly the case, but in others it is 
not so, Tor example, for elements 
having mass numbers near to 40 and 
also around 100 and 120, the total 
cross sections exhibit a broad mini¬ 
mum for energies of about 1.5 Mcv. 
On the other hand, for mass numbers 
in the vicinity of 50 and 150, there 
are broad maxima in the variation of 
the total cross section with neutron 
energy. 

11.115. In order to account for these 
results, it has been necessary to dis¬ 
card part of the original compound 
nucleus theory, namely, that the cap¬ 
tured particle very rapidly shares its 
energy among the nucleons in the com¬ 
pound nucleus {§ 10.11). Instead, it is 
postulated that the sharing of energy 
is a relatively slow process, involving 
collision of the entering particle with 
a single nucleon, followed by further 
collisions between the latter and other 
nucleons. Because oi the slowness of 
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the energy sharing process, there is a 
strong probability that a neutron, for 
example, after entering a target nu¬ 
cleus will be subsequently expelled 
and move off in a different direction, 
having suffered little or no energy loss. 
The consequences of this behavior can 
best be understood by considering the 
neutron as a wave, rather than as a 
particle. 

11.116. According to the neutron 
wave picture, the rapid sharing of 
energy among the nucleons in the com¬ 
pound nucleus is equivalent to a light 
wave striking a black sphere. All the 
energy of the light is absorbed and 
none is emitted. In the modification 
suggested above, the nucleus behaves 
like a translucent (or semitransparent) 
glass sphere, in which some of the light 
is absorbed and some is refracted (or 
bent), so that, after passage through 
the sphere? it emerges in a different 
direction. For obvious reasons, this 
model is referred to colloquially as the 
cloudy crystal ball It is also known 
as the optical model, because the inter¬ 
action of neutrons with nuclear matter 
is treated in a manner similar to light 
passing through a group of semitrans¬ 
parent glass balls. 

11 . 117 . The total neutron cross 
section of a given nuclear species 
depends on the proportion of the neu¬ 
tron wave which is absorbed by the 
(cloudy crystal ball) compound nu¬ 
cleus, and this is determined by the 
relationship between the neutron wave 
length and the diameter of the nucleus. 
If the diameter is such that the neutron 
wave reflected in the nucleus is in 
phase with the incoming wave (§ 3.101, 
so that they enhance one another, the 
neutron will dissipate all its energy in 
the nucleus. In these circumstances, 
the cross section will be high. On the 
other hand, when the two waves are 
out of phase, su that interference oc¬ 
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curs, there is a high probability that 
the neutron will emerge from the nu¬ 
cleus, and the cross section will be 
small. 

11.118. Suppose that, at a certain 

atomic weight (or mass number), the 
total cross section exhibits a definite 
minimum at a particular neutron en¬ 
ergy. Then, according to the theory, 
the incoming and reflected neutron 
waves are largely out of phase in this 
nucleus. As the mass number A , in¬ 
creases, the nuclear radius (or diame¬ 
ter) also increases, in proportion to 
A 1/3 (§11.93). Consequently, the 

phase difference becomes less and less 
marked. In due course, a mass number 
(and nuclear diameter) is attained at 
which the neutron waves are in phase. 
The neutron cross section will then 
have a definite maximum value at 
a particular neutron energy. With 
further increase in atomic weight, the 
neutron waves become increasingly 
out of phase, leading to a steady de¬ 
crease in the maximum cross section, 
and eventually to a minimum once 
again, and so on. 

11.119. It will be apparent from this 
discussion that the optical model pro¬ 
vides a qualitative interpretation of 
the occurrence of atomic weight (or 


mass number) ranges in which the 
cross sections for neutron interaction 
exhibit alternate maxima and minima. 
In addition, H. Feshbach, C. E. Porter 
and V. F. Weisskopf, who developed 
the consequences of the cloudy crystal 
ball nucleus in the United States in 
1954, have shown that it can reproduce 
with fair accuracy the quantitative 
variation of total cross section with 
neutron energy, as a function of in¬ 
creasing atomic weight. 

11.120. The optical picture of the 
nucleus is not yet complete, and will 
undoubtedly be improved in the 
future. Nevertheless, it does seem to 
have established that an incoming 
particle in a nuclear reaction does not 
share its energy rapidly among the 
nucleons present in the compound 
nucleus. This is, incidentally^ what 
would be expected on the basis of the 
model of nuclear structure, to be de¬ 
scribed in Chapter XII, which is 
widely accepted at the present time. 
One of the consequences of the cloudy 
crystal ball concept is that the be¬ 
havior of a compound nucleus may 
not be entirely independent of its 
method of formation, as was originally 
postulated (§10.17). 
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Chapter XII 


NUCLEAR FORCES 


The Packing Fraction 

12.1. From time to time in the course 
of the preceding chapters it has been 
indicated that one of the prime pur¬ 
poses of atomic studies is to obtain 
information which will make it pos¬ 
sible to understand the fundamental 


Packing Fraction = 


basis of nuclear structure. Such an 
understanding is imperative if full use 
is to be made of the potentialities of 
the atomic nucleus, either as a source 
of energy or as a means for providing 
knowledge that will contribute to the 
enrichment of human life in various 
ways. In the present chapter an at¬ 
tempt will be made to gather together 
certain facts, some of which have been 
mentioned in earlier portions of this 
book, and to see what conclusions may 
be drawn from them regarding the 
forces determining nuclear stability. 

12.2, It was recorded in § 8.60 that, 
although isotopic weights, as deter¬ 
mined by the mass spectrograph, and 
by other methods (§9.33), are close 


to whole numbers, they almost in¬ 
variably differ from integers by small 
amounts. When F. W. Aston, in 1927, 
showed this to be the case, he ex¬ 
pressed the deviations in the form of a 
packing fraction for each isotope, de¬ 
fined by 


where the isotopic weight is the actual 
mass of the isotope (or nuclide) on the 
physical atomic weight scale (§ 8.61), 
and the mass number is the nearest 
integer. The difference between the 
isotopic weight and the mass number 
is frequently called the mass defect, 
although it is not a satisfactory name, 
as will be seen below. This difference 
divided by the mass number gives the 
first term on the right-hand side of 
equation (12.1), and some writers 
refer to this quantity as the packing 
fraction. However, since it is so small, 
Aston multiplied the result by 10,000, 
so as to obtain figures which were 
easier to record.* 

12.3. When plotted against the cor- 


Isotopic Weight — Mass Number 
Mass Number 


X 10,000, 


( 12 . 1 ) 


^Iii 1915, when the subject of isotopes wlis in the early stages of development, W. D. 
Harkins and E. D. Wilson, in the United States, detined a quantity, which they called the 
“packing effect,” represent mg the percentage deviation of atomic weights from whole 
numbers, particularly applicable to oases where it appeared that the element occurred us a 
single species. 
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responding mass numbers, the packing 
fractions of nearly all the stable nu¬ 
clides studied, with the exception of 
He 4 , C 12 and O 16 , fall on or near to a 
curve of the form shown in Fig. 12.1. 
There are certain deviations from this 
curve, but they are of a relatively 
minor character which may be ignored 
for the present. It is seen that the 
packing fraction is high for elements 
of low mass number, apart from the 
helium, carbon and oxygen isotopes 


the particular nucleus. Since this same 
amount of energy would have to be 
supplied in order to break up the nu¬ 
cleus, it appears that a negative pack¬ 
ing fraction implies exceptional nuclear 
stability. On the other hand, a positive 
packing fraction suggests that the nu¬ 
cleus is somewhat less stable. With 
these conclusions in mind, an examina¬ 
tion of Fig. 12.1, in a qualitative rather 
than a quantitative sense, indicates 
that the nuclides He 4 , C 12 and O 16 are 



Fig. 12.1. Aston's packing fraction curve for stable nuclides. 


mentioned above, but it decreases 
rapidly with increasing mass number. 
Then, after passing through a com¬ 
paratively flat minimum, the packing 
fraction commences to increase slowly 
but steadily. 

12.4. It will be shown in the next 
section that packing fractions do not 
have a precise theoretical significance; 
nevertheless, they do give an indication 
of a fundamental nuclear property. A 
negative packing fraction means that 
the isotopic weight is leas than the 
nearcat whole number, and this sug¬ 
gests there has been a conversion of 
mass into energy in the formation of 


very stable, as compared with other 
species in the same mass number re¬ 
gion. In the intermediate range of 
mass numbers, the packing fractions 
are negative, showing that the nuclei 
are stable, but the steady change lead¬ 
ing to positive fractions for elements 
of high mass number, is in harmony 
with the observed instability of suQh 
elements, as is manifested by their 
radioactivity. 

Determination op 
Binding Energies 

12.5. With the discovery of the neu¬ 
tron and the development of the theory 
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that nuclei consist of neutrons and 
protons, it has become clear that the 
packing fraction, as defined by equa¬ 
tion (12,1), is merely a way of stating 
certain experimental facts, namely, the 
deviations of isotopic weights from in¬ 
tegral values. As a result, the relation¬ 
ship between the packing fraction and 
nuclear stability outlined above, can 
he regarded as more or less satisfactory 
from a qualitative point of view only. 
A more exact treatment is to consider 
the difference between the isotopic 
weight and the total weight of the 
individual electrons, protons and neu- 


This quantity may be regarded as the 
loss of mass or, more correctly, the 
mass which would be converted into 
energy, if a particular atom were to be 
assembled from the requisite numbers 
of electrons, protons and neutrons. 
The same amount of energy would be 
required to break up the atom into 
its constituent particles, and hence the 
energy equivalent of the true mass de¬ 
fect is taken as a measure of the bind¬ 
ing energy . Thus, if m H , w n and. M 
are expressed, as usual, in physical 
atomic weight units (a. m. u.), the 
binding energy in Mev is given by 


Binding energy in Mev 

trons which make up the atom; it is 

this quantity which is the true mass 
defect. 

12.6. If, as in previous chapters, the 
atomic number of an element is rep¬ 
resented by Z and its mass number 
by A, then the nucleus, according to 
accepted views, consists of Z protons 
and A — Z neutrons. In addition there 
are Z extranuclear, or orbital, elec¬ 
trons, to balance the charge of the 
Z protons. The constituents of the 
atom are consequently Z protons and 
Z electrons, which are equivalent in 
mass to Z hydrogen atoms,* and A — Z 
neutrons, and the total mass is Zm h 
+ (A — Z)m nj where rn n and m n rep¬ 
resent the masses of the hydrogen atom 


and of the neutron, respectively. If 
the experimentally determined isotopic 
weight is ilF, then the true mass defect 
is defined by 


(12.3) 

according to equation (3.17). The 
binding energy of the electrons to the 
nucleus may be neglected or it may 
be regarded as included in the Zm H 
term, so that equation (12.3) is a 
measure of the binding energy of the 
constituent particles in the nucleus of 
the given atom.f 

12.7. The nature of the results ob¬ 
tained may be illustrated by reference 
to two specific examples. The masses 
of the hydrogen atom and of the neu¬ 
tron are 1.008145 and 1.008986, respec¬ 
tively, on the physical atomic weight 
scale, and hence for the iso¬ 

tope of neon, whose isotopic weight is 
19.99877, and for which A is 20 and 
Z is 10, the binding energy is 

- 19.99877] = 160 Mev. 

For bismuth, with atomic number 83 
and mass number 209, the isotopic 
weight is 209.0458, and hence the bind- 


= 931 [Zm H + (A - Z)m n - M], 


931 [(10 X 1.008145) + (10 X 1.008986) 


True mass defect = Zmn + (A — Z)m n M. 


( 12 . 2 ) 


*Thc very minute change in mm which may conceivably accompany the formation of a 

hydrogen atom from a proton and an electron is neglected. g , 4f| tn nnlmilate the 

tit will he recalled that an essentially similar method was used in §4.40 to calculate tne 
bindinrine^ofthe alpha particle. The reverse procedure utilizing the Ending energy of 
the deuteron determined experimentally, ia employed to derive the mass of tho neutr n 
(fl 11 . 61 . 
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ing energy, expressed to three signifi- against the respective mass numbers, 
cant figures, is With the exception of He 4 , C 12 and 


931 [(83 X 1.008145) + (126 X 1.008986) - 209.0458] = 1640 Mev. 


The binding energy of the neon (Ne 20 ) 
nucleus is thus 160 Mev, and that of 
the bismuth (Bi 209 ) nucleus is 1640 
Mev. It is of particular interest to note 
that if these energies are divided by the 
appropriate mass numbers, 20 and 209, 
the results are 8.0 and 7.8 Mev, respec¬ 
tively. The mass number is equal to 
the number of nucleons, i.e., the total 
number of protons and neutrons, and 
hence the quantities just determined 


O 16 , the values fall on or in proximity 
to a single curve. The binding energies 
of some of the lighter nuclides, such as 
H 2 and He 3 , are very low, but over a 
very considerable range of mass num¬ 
bers, the binding energy per nucleon 
is close to 8 Mev. This is the figure 
used in earlier chapters for the average 
energy associated with the attachment 
to, or removal from, a nucleus of & 
neutron or proton. 



Fig. 12.2. Binding energy per nucleon as a function of the mass 
number of stable nuclides. 


represent the binding energy per nu¬ 
cleon in each case. These are seen to 
be approximately equal, in spite of the 
fact that the two nuclides lie almost 
at the extremes of the mass number 
(or atomic weight) scale. 

12.8. An examination of the values 
for the binding energy per nucleon in 
the stable nuclides, for which the 
necessary data are available, has re¬ 
vealed a striking regularity shown in 
Fig. 12.2, where the results are plotted 


12.9. A closer study of the curve in 
Fig. 12.2 reveals that the binding en¬ 
ergy has a broad maximum close to 
8.5 Mev per nucleon, in the mass num¬ 
ber range from about 40 to 120. For 
higher mass numbers the value de¬ 
creases and has fallen to 7.6 Mev per 
nucleon for uranium. It is this dimi¬ 
nution in binding energy which is the 
fundamental cause of the release of 
energy in the fission of nuclei of high 
mass number, as will be shown in 
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Chapter XIII. It is seen that nuclear 
binding energies are in the range of 
millions of electron volts, compared 
with a few electron volts for the bind¬ 
ing energies of electrons involved in 
chemical reactions. Consequently, the 
energy released in nuclear processes, 
such as fission, may be a million times 
as great as that obtained from the 
same quantity of material taking part 
in a chemical change, such as com¬ 
bustion. 

12.10. It may be remarked that, al¬ 
though Fig. 12.2 is important and use¬ 
ful, it does not give a complete picture 
of the variation in binding energy. 
The values plotted are the average 
binding energy per nucleon for all the 
protons and neutrons present in the 
particular nucleus. But it is evident 
from the shape of the curve that the 
actual binding energy is not the same 
for each nucleon. As the maximum of 
the curve is passed, almost every suc¬ 
cessive proton or neutron is bound less 
tightly than those already present, so 
that the over-all average decreases 
steadily. What is desirable, but is as 
yet only partly available from isotopic 
weights, is the binding energy of every 
stable, and even unstable, nuclide, so 
that the binding energy of each added 
proton or neutron could be detenuined 
throughout the whole mass range. A 
reasonably good estimate of these 
quantities can, however, be made by 
calculation, and some of the informa¬ 
tion obtained in this manner will be 
discussed later. 

12.11. A matter to which attention 
may be called here is the problem 
of radioactive decay by alpha-particle 
emission. Although both light and 
heavy radioelements exhibit beta ac¬ 
tivity, the emission of alpha particles 
is a rare occurrence among the lighter 

* The occuirenue of the stable system of 
contributory factor (§ 12.109). 
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elements (§ 10.102). This fact can be 
correlated with the binding energies 
derived from isotopic weights. The 
formation of an alpha particle from 
two protons and two neutrons would 
release 28.2 Mev of energy, as seen in 
§ 4.40; hence, if the energy required to 
detach two protons and two neutrons 
from a nucleus were less than this 
amount, radioactive decay by the ex¬ 
pulsion of an alpha particle should be 
theoretically possible. However, if the 
decay is to take place at an observable 
rate, at least from a nucleus of high 
atomic number, the alpha particle 
must have about 5 Mev energy, so 
that it has an appreciable probability 
of penetrating the electrostatic poten¬ 
tial barrier (§ 7.31). Hence, for alpha- 
particle emission to be detected, the 
detachment from the nucleus of two 
protons and two neutrons should re¬ 
quire no more than approximately 
28 - 5 = 23 Mev. 

12.12. The total binding energy of 
bismuth (Bi 209 ), as seen above, is 1640 
Mev, and that of uranium (U 238 ) is 
1800, so that in this range of mass 
numbers, the mean binding energy 
per additional nucleon is 1800 — 1640 
”160 Mev, divided by 238 — 209 
= 29, i.e., 5.5 Mev. The energy neces¬ 
sary to detach two protons and two 
neutrons from an atomic nucleus 
would thus be about 22 Mev, which is 
less than the maximum for alpha- 
particle emission. It can be under¬ 
stood, therefore, why this type of 
radioactivity is common among ele¬ 
ments with mass numbers exceeding 
210.* If the same calculations are 
made for elements with atomic num¬ 
bers somewhat less than that of 
bismuth, it will be seen that the mean 
binding energy per nucleon is greater 
than 6 Mev, and consequently radio- 

126 neutrons in this vicinity is probably a 
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active decay by the expulsion of alpha 
particles is not generally observed. 

12.13. It was stated in § 10.102 that 
a few alpha-emitters with mass num¬ 
bers in the region of 150 have been 
detected. In these neutron-deficient 
nuclides the number of protons, com¬ 
pared to that of neutrons, is definitely 
higher than for stable species of 
similar mass number. It will be seen 
later (§§ 12.39, 12.82) that this will 
result in a considerable decrease in 
the binding energy, so that the re¬ 
moval of an alpha particle evidently 
becomes possible. Another factor, 
which will be mentioned in § 12.110, 
undoubtedly facilitates this type of 
decay in the cases under consideration. 

Nucleon-Nucleon Forces 

12.14. The next matter to consider 
is the nature of the forces which bind 
together the protons and neutrons in 
atomic nuclei. One thing is certain: 
these forces are essentially different 
from the more familiar gravitational 
and electrostatic forces of attraction. 
The small size of the nucleus and its 
great stability show that the nuclear 
forces are what are known as short- 
range forcesj operating over very short 
distances only. This distinguishes 
them from the forces associated with 
gravitational and electrostatic fields, 
which can act over relatively long 
distances. Further, if long-range forces 
were operative, so that there were in¬ 
teractions between distant nucleons, 
as well as those in close proximity, the 
total binding energy would increase 
roughly as the square of the number 
of particles in the nucleus. Actually, 
as stated in the preceding section, the 
binding energy is approximately pro¬ 
portional to the number of constituent 
nucleons. This is attributed to the 
saturation character of the forces be¬ 
tween nuolcons; they are, in some 


respects, similar to the chemical forces 
binding together the atoms in a mole¬ 
cule. In the latter case, each atom is 
firmly bound to a limited number of 
other atoms in its immediate vicinity, 
by the so-called valence bonds, while 
the force between nonadjacent atoms 
is relatively small. Thus, chemical 
binding is a type of saturation forefc. 
An analogous situation probably 
exists within the nucleus, each neutron 
and proton being strongly held by a 
limited number of other nucleons 
adjacent to it. Since the binding en¬ 
ergy per nucleon is greater in the 
alpha particle than in other light nu¬ 
clei, it appears that two protons and 
two neutrons form a saturated system. 

12.15. The existence of proton-neii- 
tron (p-n), proton-proton (p-p) and 
neutron-neutron (n-n) forces' of at¬ 
traction can be readily proved fey con¬ 
sideration of a few simple nuclei. The 
relative stability of the deuteron made 
up of one proton and one neutron, 
shows that the (p-n) force has appre¬ 
ciable magnitude. Further, the addi¬ 
tion of an extra neutron, to form a 
tritium (H 3 ) nucleus, or of an extra 
proton, to yield the helium (He 3 ) nu¬ 
cleus, is accompanied by a marked 
increase of binding energy, partly due 
to (n-n) and (p-p) forces, respec¬ 
tively. Since the nucleus of tritium 
contains a proton and two neutrons, it 
may be assumed that there are two 
(p-n) and one (n-n) forces; on the 
other hand, the He 3 nucleus consists 
of two protons and a neutron, so that 
there are two (p-n) and one’ (p-p) 
forces. The binding energy ,of the 
former, as calculated from its isotopic 
weight, is 8.48 Mev, and that of the 
latter is 7.72 Mev, both being appre¬ 
ciably greater than the binding energy 
of the deuteron (2.225 Mev). 

12.16. It would appear from the 
binding energies that the (n-n) force 
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in tritium exceeds the (p-p) ™ 

He 3 bv 8.48 - 7.72, i.e., 0.78 Me*. 
However, from a variety of comutem- 
tions, the conclusion is drawn that the 
attractive (n-n) and (p-p) f°j ( , , 

virtually equal, but that the latter 
decreased to some extent by elect 
static repulsion between ^ joto- 
This view finds some support in the 
remarkable constancy of nuclear den¬ 
sities. As stated in § 4.19, 

of any nucleus is approxnnatdy ro 
portional to A 1/s , and so the volume 
varies directly as A, the mass number 
The nuclear density, which ^eter 
mined by the mass divided by th 
volume, is thus very nearly the same 
for all nuclei, irrespective of the nu - 
her of protons and neutrons they con¬ 
tain Such a result indicates an ap¬ 
proximate equality of the attractive 
forces operating between the 

virtual nucleons. , t 

12.17. It is generally accepted at 

the present time that <P-P). p_fl 

and (n-tt) forces are essentially equal, 

this is referred to as the 
pendence of nucleon forcea. The bes 
evidence for the equality of (p-7 
and (v-n) forces has been obtained 
from studies of the scattering (or do- 
flection) of protons by protons and ot 
protons by neutrons, respectively Al¬ 
ter allowing for Coulomb interact,on 
in the former case, the similarity m 
behavior is quite marked. 

12.18. As regards the magnitude ot 
( n ^n) forces, evidence could be o 
tained, in P-mOTta on- 

neutron scattering measurements, bnt 
the experiments do not appear to 
practical. However, the information 
can be secured from a detailed com¬ 
parison of the binding energies of the 
mirror nuclei (§7.82). The members 
of each pair contain the same total 

numbers ^of ..is, tat ‘W f 

hy unity in the number of pinions 
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(and neutrons). If allowance is made 
for the difference in the electrostatic 
lor Coulomb) repulsion of the pro¬ 
tons, as mentioned in § 12.16, the bind¬ 
ing energies are found to he thei same 
for each pair. In other words, the nu¬ 
cleon attractive energy in these cases 
depends only on the total number of 
nucleons and not on their nature^ 
Hence, the (n-n) force must he equa 
to the (p-p) and ip-n) f^es It 
also of interest to note that, apart 
from minor differences attributable to 
I electrostatic effects, the energies of 
the first few excited states are almost 
identical in each pair of mirror nuclei 
This suggests that the replacement o 
a proton by a neutron has little off 
on the nuclear forces in these in- 

stances. 

The Dineutron and Diproton 
12 19 In view of the probable 

equality of (p-ph <P"*> 
forces and the existence of the stable 
1 deuterium nucleus (or-deuteron), con¬ 
sisting of a proton and a neutron it ia 
reasonable to consider the possibility 
of the occurrence of a stable com 
tion of two neutrons (or dmeutron) 
and of two protons (diproton . Bum 
,946 a number of provisional claims 
have been made to the identification 
of the dineutron, but none lms _ 
substantiated. Further, experiments 

designed to detect tins particle m the 
high neutron density of a nuclear re¬ 
actor have led to negative results^ As 
far as the diproton, which would be a 
helium nucleus of mass number 2, i.e 
He 3 is concerned, there has been no 
indication that it might exist as a 

to the solution of the 
problem of the stability of the deu¬ 
teron, on the one hand, and the insta¬ 
bility of the dineutron and diproton, 
on the other hand, is to be found from 
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an examination of the resultant nu¬ 
clear spins. The spin of the deuteron 
is known to be one unit, and since 
both the proton and the neutron each 
have Yz unit of spin, it is evident that 
in the deuteron the proton and neu¬ 
tron spin in the same direction, i.e., 
the spins are parallel. In the dineutron 
and diproton, this situation is pro¬ 
hibited by the Pauli exclusion prin¬ 
ciple, described in § 4.64 in connection 
with the grouping of the extranuclear 
electrons. As applied to nucleons, this 
principle implies that two protons can 
exist in the same energy state only if 
they have oppositely directed (or 
antiparallel) spins. Consequently, as¬ 
suming the two neutrons (or two pro¬ 
tons) in the dineutron (or diproton) 
to be in the same energy state, the 
spins must be antiparallel, so that the 
net spin is zero. 

12 .21. Experiments and calculations 
on proton-neutron scattering show 
that the only bound (or stable) state 
is that of the deuteron with a spin of 
unity. The state with zero spin is un¬ 
bound and consequently unstable. It 
is to be expected, therefore, that the 
dineutron and diproton will be un¬ 
stable. The only possibility is for the 
two nucleons to have different spatial 
coordinates (or quantum numbers) ; 
that is to say, there is a difference in 
one (or more) of the quantum num¬ 
bers other than that of spin. If this 
were the case, the two neutrons (or 
two protons) could have parallel spins, 
so that a net spin of unity would be 
permissible. However, it is known that 
a system of this kind, with the nu¬ 
cleons having different spatial coor¬ 
dinates, is less stable than when they 
have the same spatial coordinates. 
The conclusion to be drawn, therefore, 
is that the occurrence of the dineutron 
and the diproton ns stable particles is 
not to bo expected. It will he apparent 


from this discussion that the equality 
and charge independence of the forces 
between pairs of nucleons applies only 
if the spatial and spin coordinates (or 
quantum numbers) are the same in 
each case. 

Meson Theory of Nucleon Forces 

12.22. An attempt to account for 
the characteristics of nucleon forces 
was made by H. Yukawa (see 
§ 10.106) in 1935, based on an analogy 
with electromagnetic forces. The ap¬ 
plication of quantum mechanics to 
the electromagnetic field surrounding 
a charged particle leads to the conclu¬ 
sion that the electrical force is exerted 
by the transfer of a photon (§3.35) 
from one charged body to another. It 
is certain that forces of this kind do 
not account for the attraction between 
pairs of nucleons. Nevertheless, Yu¬ 
kawa thought that nucleon forces 
might be due to a field similar to an 
electromagnetic field, but involving 
the transfer of a particle of an entirely 
different character. 

12.23. In order to determine the 
mass of this postulated field particle, 
use was made of the fact that the 
effective range of the forces should be 
roughly equal to h/2'irmc J referred to 
as the Compton wave length of the 
particle, where h is the Planck quan¬ 
tum theory constant (§ 3.30), m is the 
mass of the particle, c is the velocity 
of light and it has its usual signifi¬ 
cance. Taking the effective range of 
nucleon forces as 2 X 10 -13 cm., the 
mass m of the hypothetical field parti¬ 
cle was calculated to be about 200 
times the mass of an electron. Such a 
particle would thus be intermediate 
in mass between an electron (or posi¬ 
tron) and a proton. It was estimated 
by Yukawa, in 1938, that the life of 
the nucleon field particle should be 
about a millionth of a second, but this 


y 









































356 


Sourcebook on 

was based on what now appear to be 
questionable grounds. 

12.24. As was stated toward the 
end of Chapter IT, a particle called 
a meson, which seemed to satisfy the 
requirements of the Yukawa theory, 
was discovered in cosmic rays about 
1936. Further study showed that this 
particle could not account for nucleon 
forces, but in 1947 the pi-meson, with 
a mass about 270 times that of an 
electron, was identified. Its properties 
were found to be in harmony with 
those to be expected for a nucleon field 
particle. It is generally accepted at 
the present time, therefore, that every 
nucleon is surrounded by a meson 
field , through which it interacts with 
other nucleons, just as a charged body 
interacts with other charged bodies ^ 
through an electromagnetic field. The 
pi-meson then serves the same func¬ 
tion in the meson field as the photon 
does in the electromagnetic field. 

12.25. It must be admitted at the 
outset that the meson theory of nu¬ 
cleon forces has not been conspic¬ 
uously successful in its quantitative 
predictions. In fact, in spite of the 
lapse of more than twenty years since 
the theory was first proposed, it is 
still not possible to calculate theoret¬ 
ically the binding energy of such a 
simple combination as the deuteron. 
One of the major problems associated 
with the development of the meson 
field theory arises from the use of the 
equations employed in the mathe¬ 
matical treatment known as quantum 
electrodynamics , which has proved so 
successful when applied to electro¬ 
magnetic fields. The general solution 
of these equations is based on the use 
of a series involving increasing powers, 
e.g., x , x 2 , x 3 , x 4 , etc., of an interaction 
^or coupling) constant which meas¬ 
ures the interaction of an electron (or 
other particle) with its own field. 
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12.26. In the case of the electromag¬ 
netic field, this coupling constant is 
equal to 2tt e 2 /hc, where e is the elec¬ 
tronic charge and the other quantities 
have their usual significance. Upon 
inserting the values for ir, e . h and r T 
the coupling constant is found to be 
1/137, i.e., 7.3 X ItU 3 . This is so 
small, that all terms in the power 
series beyond the first can be neg¬ 
lected, since (1/137) 2 is 5.3 X If)- 5 , 
and succeeding powers are still 
smaller. When these terms are neg¬ 
lected, the results obtained by cal¬ 
culation are in excellent agreement 
with experiment. However, in the case 
of a nucleon in a meson field, the 
forces at short range are so much 
greater than for an electron that the 
coupling constant is also much larger, 
namely, at least 1 and possibly as 
large as 10 . The neglect of the higher 
terms in the power series is then not 
permissible and the equations cannot 
be solved. 

12.27. In default of any other plaus¬ 
ible approach to the problem of nu¬ 
cleon forces, numerous attempts have 
been made to find methods for solv¬ 
ing the equations of electrodynamics 
as applied to the meson field. So far, 
these efforts have not been very prom¬ 
ising and further progress must await 
some new development. What this 
will be it is impossible to predict. It 
may be a modification of the electro¬ 
dynamic equations, the discovery of 
new mathematical methods for solv¬ 
ing the equations, or some new the¬ 
oretical approach based on the highly 
complex observations on mesons and 
other “strange” particles (see Chapter 
XVIII). Writing in 1947, H. A. Bethe, 
in the United States, remarked that 
meson theory has “so far not given 
any results in quantitative agreement 
with empirical facts on nuclear 
forces.” Some eiglit years later, in ft 
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contribution to the Essays Dedicated 
to Niels Bohr on the Occasion of his 
70th Birthday, the eminent Russian 
theoretical physicist L. D. Landau 
could do no more than express the 
opinion that “meson theories cannot 
be constructed without deep changes 
in the basic principles of modern 
physics.” 

12.28. In spite of the failure of the 
quantitative aspects of the meson field 
theory, the essential ideas have proved 
useful in understanding many nuclear 
phenomena. In physical terms, the 
theory implies that a neutron or a 
proton is continuously emitting and 
absorbing positive, negative and neu¬ 
tral pi-mesons. These mesons remain 
free for such a short time that they 
are undetectable and are consequently 
referred to as virtual mesons. The sit¬ 
uation can best be explained with the 
aid of the uncertainty principle 
(§3.46). 

12.29. It follows from the Einstein 
mass-energy relationship that the cre¬ 
ation of a pi-meson, with a mass of 
about 270 m € , where m e is the electron 
mass, requires about 139 Mev of en¬ 
ergy, i.e., 2.22 X 10 “ 4 erg. The uncer¬ 
tainty in the energy of a nucleon is 
permissible if its product with the 
time interval in which it occurs does 
not exceed h/2ir, where h is 6.62 X 
10 -27 erg sec. (§3.32). The time in¬ 
terval, during which a virtual meson 
can exist without being detected, is 
thus about 5 X 10 -24 sec. The maxi¬ 
mum speed of the meson is that of 
light, 3 X 10 10 cm. per sec., and so the 
maximum distance the meson can 
travel and yet remain undetected is 
6 X 10 - 24 x 3 X 10 10 , i.e., 1.5 X 
10“ 18 cm. This distance is close to the 
known range of nucleon forces, so that 
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the concept of the virtual emission of 
mesons appears justified/ 

12.30. A nucleon may thus be 
thought of as being surrounded by a 
“cloud” of virtual pi-mesons, which 
constitutes the nucleon force field. 
When two nucleons are close enough, 
i.e., within 1.5 X 10 “ 13 cm., for a pi- 
meson to pass from one to the other, 
then a force of attraction is exerted 
between them. Attraction between two 
protons or between two neutrons re¬ 
quires the transfer of a neutral meson. 
On the other hand, the attraction be¬ 
tween a proton and a neutron is 
achieved by the transfer of a positiye 
meson from the former to the latter, 
or of a negative meson in the -reverse 
direction. Since the spin quantum 
number of both the proton and the 
neutron is y 2 , the conservation of 
spin momentum in the transfer of a 
meson would require the pi-meson to 
have a spin of either 1 or, preferably, 
zero. It is of interest, therefore, to 
record that the experimentally ob¬ 
served spin is zero. 

Nucleon Exchange Forces 

12.31. It was seen in § 12.14 that 
an important feature of forces be¬ 
tween nucleons is their saturation 
character. Forces which are purely at¬ 
tractive cannot account for this prop¬ 
erty, and it is necessary in some man¬ 
ner to introduce the possibility of re¬ 
pulsion into the nucleon forces for 
distances of close approach between 
the nucleons. One way in which this 
can be done is to postulate that these 
forces are, at least partially,' of an 
“exchange” nature. The possibility 
that nuclear forces might be exchange 
forces was suggested by W. Heisen¬ 
berg in 1932, soon after he put forward 


• n °l e d that the calculation given above is really the reverse of that presented 

‘°r calculation of the mass of the field particle from the assumed range 
(2 x 10 cm.) of nuclear forces. 
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the idea that atomic nuclei contained 
only protons and neutrons (§4.35). 
The concept of exchange forces, which 
lias been used successfully in such di¬ 
verse respects as the optical spectrum 
of helium and the stability of the 
hydrogen molecule , is a direct conse¬ 
quence of wave mechanics and has no 
equivalent in classical (or Newtonian ) 
mechanics. 

12,32. As applied to the problem 
of the interaction between nucleons, 
the origin of the exchange forces may 
be described somewhat along the fol¬ 
lowing lines. Consider, first, the in¬ 
teraction of a proton and a neutron; 
these two particles are indicated at I 3 
below, each being surrounded by a 

® © ©• • • t4 0 © ® 
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virtual meson cloud. Suppose that one 
of the positive pi-mesons from the 
cloud surrounding the proton is trans¬ 
ferred to the neutron. An intermediate 
stage is shown in II, where it is seen 
that the removal of the positive pi- 
meson from the proton leaves a neu¬ 
tron. Finally, when the transfer is 
complete, as in III,'the original neu¬ 
tron has been converted to a proton. 
The net result of the transfer (or 
exchange) is that, although there has 
been a change in the identity of the 
individual nucleons, the final state III, 
like the initial state I, consists of a 
proton and a neutron, and hence it 
has the same energy. 

12.33. The exchange described 
above may be represented in symbolic 
form as follows. 

p + n —> n f + *r + + n ^►n' + p, 

where a prime is used to indicate a 
change in a particle. Using the same 
method of presentation, it can be seen 
that the same state of affairs, i.e., a 
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change of identity without an over-all 
energy change, can arise by the trans¬ 
fer of a negative pi-meson from a 
neutron to a proton; thus, 

n + p —■ - p' + ’t - + V * V' + n '- 

Similarly, a neutral meson may be 
transferred from one nucleon to an¬ 
other of the same kind; thus, 

p + p -* v' + + V -» p' + v 

and 

n + w—►n' + '/r° + w —> n ' 

leaving the energy unchanged. 

12.34. One of the consequences of 
wave mechanics is that when a sys- 
tem can be represented by two (or 
more) states with the same energy, 
then two actual combined states of 
the system are possible. One of these 
states is more stable, representing an 
attraction between the nucleons', and 
the other is less stable, implying a 
I repulsion, depending on certain sym¬ 
metry characteristics of the nucleons. 
By making a proper combination of 
the attractive and repulsive states to 
I represent the actual situation in the 
nucleus, the conditions for the satura¬ 
tion character of the nuclear forces 
can be satisfied. These forces are then 
attractive at distances of the order 
of the nucleon radius, but become re¬ 
pulsive at shorter distances. 

12.35. There are other ways where¬ 
by the saturation of nuclear forces 
can be explained. One, which follows 
from certain aspects of meson theory, 
is that, a nucleon behaves as if it had 
a small repulsive core. Some indica¬ 
tion for the existence of such a core 
has been obtained from experiments 
on the scattering of protons by pro¬ 
tons at high energies. However there 
is also experimental evidence for the 
occurrence of neutron-proton ex¬ 
change, from some remarkable ob- 
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serrations reported in 1947 from the 
Radiation Laboratory in Berkeley, 
California. When neutrons of 100 Mev 
energy, obtained by the bombardment 
of beryllium by deuterons from the 
184-inch synchrocyclotron, were al¬ 
lowed to impinge on paraffin, protons 
were ejected from the latter. This is, 
of course, not unexpected (§ 11.30); 
the surprising fact was that many of 
these protons had the same energy as 
the incident 100-Mev neutrons. A sim¬ 
ilar effect was observed upon the pas¬ 
sage of the high-energy neutrons 
through hydrogen gas contained in a 

NUCLEAR 

Neutron-Proton Ratios 
in Stable Nuclei 

12.37. A review of the nuclear com¬ 
positions and masses of various nu¬ 
clides has revealed a number of gen¬ 
eral rules concerning the stability (or 
instability) of atomic nuclei. Consider, 
first, the variation with increasing 
mass number of the ratio of neutrons 
to protons in the stable nuclides. The 
experimental results are plotted in Fig. 
12.3, with the numbers of protons (Z) 
as abscissae and the numbers of neu- 
.trons (A — Z) as ordinates. A line is 
drawn at an angle of 45°, so that 
points lying on this line represent 
nuclei containing equal numbers of 
protons and neutrons. It will be ob¬ 
served that for elements of low mass 
number, the neutron-to-proton ratio 
for the stable species is close to 
unity.f In fact, of the eighteen nu¬ 
clides with mass numbers through 20, 


Wilson cloud chamber (§6.68). 

12.36. The only satisfactory inter¬ 
pretation of the results appears to be 
that the neutrons have exchanged 
identity with the protons. As the high- 
energy neutron approaches a proton, a 
positive pi-meson from the proton’s 
virtual meson cloud may be captured 
by the neutron, which is thereby con¬ 
verted into a proton. There is thus a 
possibility that the original 100-Mev 
neutron, after its encounter with • a 
proton, will proceed as a 100-Mev 
proton, while the original proton re¬ 
mains as a neutron.* 


STABILITY 

there are equal numbers of neutrons 
and protons in eight and a difference 
of only one in nine others. This ap¬ 
proximate (or exact) equality is what 
might be expected, on general grounds, 
from the similarity between (p-p ), 
(n-n) and (n-p) forces. 

12.38. A further examination of Fig. 
12.3 shows that, when the nuipber of 
protons (or neutrons) in the nucleus 
is greater than 20, the ratio of neu¬ 
trons to protons in stable nuclides is 
always larger than unity. In other 
words, in order to maintain stability 
the number of neutrons must exceed 
the number of protons, the neutron 
excess increasing with increasing 
atomic number or mass number. For 
the heaviest stable nuclides, such as 
82 Pb 208 and 8 .sBi 209 , the ratio of neu¬ 
trons to protons is slightly greater 
than 1.5. 

12.39. The explanation of this fact 


* If a projectile particle has sufficient energy, it may cause a virtual pi-meson to become 
a real (or free) meson, i.e., at a distance greater than 1.5 X 10' u cm. from the nucleon. Such 
a free pi-meson can then be detected before it is either captured by another nucleon or 
decays into a mu-meson (§ 2.126). This is the manner in which free pi-mesona are produced 
and detected (see Chapter XVIII). 

t For such elements the number of prot ons, and hence the nuclear charge, is approximately 
half the mass number (or atomic weight), as stall'd in 14.22. 

































360 


Sourcebook on 

is not far to seek. As indicated above, 
the electrostatic forces between pro¬ 
tons do not exhibit the saturation 
property of the attractive nuclear 
forces, so that each proton repels, and 
is repelled by, all the others present m 
the nucleus. As a result, the eleotio- 
static repulsive force grows r ^P K '*J a£ | 
the atomic number increases. The total 
electrostatic repulsion in a nucleus is 
roughly proportional to Z-/R, where 
1 is the number of protons, i.e., the 
atomic number, and R is the radius of 
the nucleus. The latter vanes as A ' , 
where A is the mass number, so that 
the electrostatic repulsion is deter¬ 
mined by the quantity Z~ j A ■ h 
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a matter of simple arithmetic to show 
that the repulsion energy of the pro¬ 
tons in suBi 209 is about ten times as 
great as that in 2 (l Ca w , which is the 
heaviest stable nuclide with a neutron- 
to-proton ratio of unity. 

12.40. In order to overcome the m- 
creasing repulsion of the protons and 
maintain stability in the heaviest ele¬ 
ments, the nuclei must contain a 
larger proportion of neutrons. The ad¬ 
ditional (n-n) and (n-p) attractive 
forces then partly compensate for the 
growing proton-proton repulsion. Nev¬ 
ertheless, beyond a certain point, 
around Z = 30, the electrostatic re¬ 
pulsion has increased to such an ex¬ 



NUMBER of PROTONS (Z) 

Ftc l 9 3 “Plot of the numbers of neutrons and protons in stable 
' nuclei. 
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tent that the binding energy per nu¬ 
cleon decreases steadily with increas¬ 
ing mass number, as seen in Fig. 12.2; 
this matter will be considered more 
fully in § 12.80 et seq. 

12.41. In Chapter X frequent refer¬ 
ence was made to the stability range 
for the ratio of neutrons to protons; 
that such a more or less definite range 
exists for each atomic number (or 
mass number) is evident from Fig. 
12.3. The most abundant isotopes of 
any given element, which are presum¬ 
ably the most stable, are usually 
found near the middle of the stability 
range. It is true, for reasons which 
will become apparent later, that a few 
nuclides lying within the range are 
unstable, but those outside the range 
are inevitably radioactive. They decay 
by the emission of either negative or 
positive beta-particles, or by electron 
capture, so as to bring the neutron- 
to-proton ratio within the stability 
range for the particular mass num¬ 
ber. 

Odd-Even Rules of Nuclear 
Stability 

12.42. A survey of the even or odd 
nature of the numbers of protons and 
neutrons in the naturally occurring, 
stable nuclides, tabulated in § 8 . 47 , 
has brought to light some interesting 
regularities. In the first place, it is 
found that nuclei containing even 
numbers of both protons and neutrons 
are much more common than any 
others; nuclei with an odd number of 
protons and an even number of neu¬ 
trons, and vice versa, are equally com¬ 
mon, while those containing odd num- 

Number of 
Protons 
Even Odd 

Number of \ Even 104 f >0 

Neutron h | Odd fifi 4 


bers of both protons and neutrons are 
rare. The numbers of the various 
types of definitely stable nuclides are 
given in the preceding column. From 
these data it may be concluded that 
nuclei containing even numbers of 
both protons and neutrons are the 
most stable, whereas those with odd 
numbers of both are very unstable. 
Incidentally, the six nuclides O 16 , 
Mg 24 , Si 28 , Ca 40 , Ti 48 and Fe 56 , which 
are in the former category, constitute 
about 80 per cent of the earth's crust. 

12.43. The preferential stability of 
even-even nuclei may be correlated 
with the requirement of the Pauli 
exclusion principle. For a given set of 
spatial quantum numbers (or coor¬ 
dinates), there can be only two neu¬ 
trons and two protons, the spins being 
oppositely directed in each casq. Thus, 
a pair of neutrons and of protons may 
be regarded as constituting a kind of 
complete sub-shell, leading to greater 
stability than would be the case for 
an incomplete sub-shell, i.e., with odd 
numbers of nucleons. According to the 
arguments in § 12.21, the greatest sta¬ 
bility is to be expected when the neu¬ 
trons and protons have the same spa¬ 
tial coordinates. This is the case in 
even-even nuclei containing equal 
numbers of neutrons and protons, i.e., 
nuclei with mass numbers that are 
multiples of four and neutron-to-pro- 
ton ratios of unity. It is noteworthy 
that five of the more abundant nat¬ 
urally occurring species, namely, 2 He 4 , 
8 0 16 , 12 Mg 24 , 14 Si 28 and 20 Ca 40 , fall 
into this category. 

12.44. Attention may also bedraw!h 
to the nuclei 2 He 4 (alpha particle), 
6 C 12 and 8 O 10 , which are even-even 
nuclei with equal numbers of neutrons 
and protons. It may be seen from Fig. 
12.2 that the binding energies per nu¬ 
cleon for these species lie above the 
curve so that they are relatively more 
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stable than other nuclei of low mass 
number. It may appear surprising that 
the 4 Be s nucleus, which satisfies the 
same requirements as those mentioned 
above, does not exist in nature. Ac¬ 
tually, Be 8 is relatively stable, but 
He 4 is so much more stable that the 
Be 8 nucleus splits up immediately it 
is formed into two He 4 nuclei. The 
great stability of the He 4 nucleus, i.e., 
the alpha particle, is well known. It, is 
significant in this connection that He 15 
and Li 3 , which contain one neutron 
and one proton, respectively, more 
than He 4 , almost instantaneously ex¬ 
pel the extra nucleon. On the other 
hand, Be 9 , C 13 and O 17 , with one ex¬ 
cess neutron, are stable nuclides, al¬ 
though B 9 , N 13 and F 17 , with an excess 
proton, are not. 

12.45. According to the tabulation 
given at the beginning of this section, 
there are only four stable nuclear spe¬ 
cies of the odd-odd type, that is, with 1 
odd numbers of both protons and neu¬ 
trons. These are iH 2 , 3 Li 6 , 5 B 10 and 
7N 14 , and no definitely stable odd-odd 
nuclide of mass number exceeding 14 
is known; it appears, therefore, that 
such isotopes are unstable.* The sta¬ 
bility of the H 2 nucleus, i.e., of the 
deuteron, has been attributed to the 
attraction of a neutron and a proton, 
having the same spatial coordinates 
and parallel spins (§12.21). In the 
other three stable odd-odd nuclides, 
the numbers of neutrons and protons 
are equal, so that the extra, unpaired 
neutron and proton probably have the 
same spatial coordinates. Further, the 
observed spins of the nuclei indicate 
that the neutron and proton spins are 
parallel, as in the deuteron. The sta¬ 
bility of Li 6 , B 10 and N 14 is thus not 
surprising. The next member of this 

* The odd-odd nuclides K 40 , La 1 ", Lu™ an< 
and hence are not stable; V M in probably a 
(§12.51). 


Atomic Energy Chap. XII 

odd-odd series should be 9F 18 , but this 
and subsequent members are unstable 
because the mutual electrostatic re¬ 
pulsion of the protons requires the 
presence of an additional neutron (or 
neutrons) for stability. The stable 
nuclides are thus 9 F le , uNa 23 , 13AI 27 , 
etc. 

12.46. In odd-odd nuclei which do 
not have equal numbers of neutrons 
and protons, the odd (unpaired) nu¬ 
cleons must have different spatial co¬ 
ordinates. The odd neutron and pro¬ 
ton thus contribute little, if anything, 
to the stability of the nucleus. If the 
extra neutron were converted into a 
proton, and an electron emitted, or the 
proton were replaced by a neutron, 
accompanied by the emission of a posi¬ 
tron or the capture of an orbital elec¬ 
tron, depending on the circumstances, 
the resulting nucleus would be of the 
even-even type and consequently 
likely to be stable. Hence odd-odd 
nuclei of mass number greater than 
14 are radioactive, exhibiting beta 
decay; whether this is positive or 
negative will depend on the neutron- 
to-proton ratio required for stability 
in the product. 

12.47. Certain corollaries to the 
foregoing even-odd generalizations 
will be mentioned briefly. Elements 
of even atomic number frequently 
have several stable isotopes of even 
mass number, since the number of 
neutrons is then also even. On the 
other hand, stable isotopes of elements 
of even atomic number and odd mass 
number, that is, with an odd number 
of neutrons, are not common. A few 
elements of this type have two iso¬ 
topes, but tin is the only element of 
even atomic number (.50) with three 
stable isotopes of odd mass number 

Ta iw . which occur in nature, are radioactive, 
o radioactive but with a very long half life 
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(115, 117 and 119). As will be seen 
later (§12.107), there appear to he 
special circumstances in this case, as¬ 
sociated with the 50 protons present 
in the nucleus. 

12.48. For elements of even atomic 
number, the mass range of isotopes 
of even mass number is considerably 
greater than it is for those of odd mass 
number. This fact may be illustrated 
by reference to the nine stable iso¬ 
topes of xenon, atomic number 54, 
which are as follows: 

Even mass number.... 124 

Odd mass number. 

It is evident from these figures that 
there is a relatively narrow range of 
neutron-to-proton ratio in which the 
nuclides of even atomic number and 
odd mass number, that is, with an odd 
number of neutrons, are stable. 

12.49. If the atomic number is odd, 
the element has few stable isotopes, 
never more than two, and provided 
the atomic number is greater than 7,, 
the mass numbers are always odd, 
since the number of neutrons will then 
be even.* In general, irrespective of its 
atomic number, no element, with the 
exception of tin, has more than two 
stable isotopes of odd mass number; 
these numbers invariably differ by two 
units. 

Isobars and Beta Activity 

12.50. Isobars, as defined in § 8.15, 
are nuclides having the same mass 
number, that is, the same total num¬ 
ber of protons and neutrons. Apart 
from isomeric nuclei (§ 10.114), which 
will not be considered here, isobars 
have different atomic numbers. The 
number of possible stable isobars for a 
given mass number is very limited, 


and this fact has an interesting bearing 
on the subject of radioactivity by beta 
decay. For any odd value of the mass 
number, there is, in general, only one 
stable nuclide, so that no stable iso¬ 
bars exist. There are two possible ex¬ 
ceptions to this rule, for mass num¬ 
bers 113 and 123, which will shortly 
be considered in detail. Among the 
species which occur in nature, the 
pairs Rb 87 -Sr 87 , In 118 -Sn 11B and Re 187 - 
Os 187 represent isobars of odd mass 
number, but the first member of each 

126 128 130 132 134 136 

. 129 131 

pair is radioactive and is consequently 
not a stable nuclide. 

12.51. When the mass number is 
even, there may be two stable isobars; 
if they do exist, their atomic numbers 
are also even and differ by two units. 
In four cases, with mass numbers of 
96, 124, 130 and 136, three apparently 
stable isobars of even atomic Dumber 
are known. In four other instances of 
naturally occurring triple isobars of 
even mass number, viz., A 40 -K 4 P-Ca 40 , 
Ce 138 -La 138 -Ba 138 , Yb 176 -Lu 176 -Hf 176 

and Hf 180 -Ta 180 -W 180 , the successive 
atomic numbers differ by unity. How¬ 
ever, the middle nuclide of each set is 
radioactive. The triplet Ti n °-V 80 -Cr B0 
also exists in nature, but the middle 
(odd-odd) member, i.e., V 50 , occurs in 
very small proportions and is probably 
radioactive. The fact that V 50 ap¬ 
parently has a nuclear spin of 6 units, 
whereas the possible decay products, 
Ti 50 and Cr 50 , have zero spin in their 
ground states, suggests that both posi¬ 
tive and negative beta decay of V 50 
are highly forbidden (§ 7.81). Taking 
into consideration the accompanying 
energy change, it is estimated that the 


* Potaeamra, atomic number 19, has three naturally occurring iaotopea of mass number* 
HO, 40 and 41; the 40-i*otopo, however, ia radioactive, decaying with the emiaaion of n nega¬ 
tive beta-particle. 
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half life would be at least 10 14 years, 
and so the radioactive decay would be 
very difficult to detect. 

12.52. Since stable isobars, where 
they exist, differ by two units of 
atomic number, there should be no 
stable isobars of elements adjacent to 
one another in the periodic system, 
for the atomic numbers would then 
differ by unity.* Actually, the two ap¬ 
parent exceptions to the rule that there 
are no stable isobars of odd mass 
number are also exceptional in this 
respect. If two adjacent elements have 
isobaric nuclides, then one or the other 
may be expected to be unstable, de¬ 
caying by beta activity or by orbital- 
electron capture. 

12.53. In general, a nucleus will be 
unstable if its isotopic weight is 
greater than the combined masses of 
two or more particles into which it 
may be subdivided. Such a nucleus 
should disintegrate spontaneously into 
these particles, the extra mass ap¬ 
pearing in the form of energy. As seen 
in Chapter X, negative beta-decay 
and orbital-electron capture are not 
restricted by any mass (or energy) 
difference, except that the mass of the 
parent nucleus must be at least equal 
to that of the daughter. For positive 
beta-activity, however, the mass of 
the parent must exceed that of the 
product by two electron masses, that 
is, by about 0.001J. atomic mass unit. 
In each of these three types of radio¬ 
active decay the product has the same 
mass number as, and hence is isobaric 
with, the parent nuclide, but the 
atomic number differs by one unit. 

12.54. It can be seen, therefore, that 
if there are two isobars of adjacent 
elements, with isotopic weights w T hich 
differ by a small amount, the one with 
the larger mass will tend to disinte- 
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grate by beta decay or by electron 
capture, forming the nuclide with the 
smaller mass. The mass difference may 
be quite small, as is the case, for ex¬ 
ample, with the isobars H 3 (tritium) 
and He 3 . The isotopic weights are 
3.017005 and 3.016986, respectively, so 
that the mass difference is only 0.00002 
atomic mass unit, equivalent to about 
0.018 Mev. Nevertheless, tritium is 
radioactive, since it has the higher 
isotopic weight, decaying to form 
helium-3, with the emission of a nega¬ 
tive beta-particle having a maximum 
energy of only 0.018 Mev. 

12.55. These arguments account for 
the virtual nonexistence of stable iso¬ 
bars of elements differing by unity in 
atomic number. Of course, numerous 
instances are known of pairs of iso¬ 
bars of adjacent elements where either 
one is stable and the other is an 
artificial radionuclide, or both are such 
radioactive species. But, in addition, 
there are the two examples, referred 
to above, of apparently stable isobaric 
pairs of elements differing by unity in 
atomic number; these are Cd 113 -In 113 
and Sb 123 -Te 123 . Unless the isotopic 
weights of the isobars are essentially 
identical, one member of each pair 
must be intrinsically unstable with 
respect to the other. 

12.56. The reason why these pairs 
appear to be stable is probably that 
the beta transitions are highly for¬ 
bidden because of the large difference 
in the nuclear spins, combined with 
small energy changes. For example, 
the nuclear spin of Cd 113 in its ground 
state is whereas that of In 113 is 
and the energy difference is very 
small. It may be noted, however, that 
the negative beta decay of a meta¬ 
stable (isomeric) state of Cd 113 , with 
an estimated nuclear spin of %, has 


* This is a form of what is known rs MatLanch’s rule, discussed by the Austrian physicist 
J. Mattauch in 1934. 
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been observed to the ground state of 
In 113 . It would appear, therefore, that 
Cd 113 is beta-active, but the half life 
is so long that the radioactivity has 
not been detected. A somewhat similar 


situation apparently exists in con¬ 
nection with the Sb 123 -Te 123 pair; in 
this case, it is believed that the Te 123 
exhibits a positive beta activity of 
very long half life. 


PROPERTIES OF NUCLEI 


Nuclear Radii 

12.57. The procedures used for de¬ 
termining nuclear radii are of two 
general types, namely, nuclear inter¬ 
action methods and electrostatic 
methods. Some of those in the first 
category have been indicated earlier 
and they will be reviewed here. It was 
seen in § 7.25 et seq. that the decay of 
an alpha-particle emitter depends on 
penetration of a hypothetical poten¬ 
tial barrier. For a given alpha-particle 
energy, the thickness of the barrier, 
and hence the rate of penetration, is 
related to the maximum height of the 
barrier which is inversely proportional 
to the effective nuclear radius. Thus, 
from the known radioactive half lives 
of alpha-particle emitters and the en¬ 
ergies of the alpha particles, it is 
possible to calculate the respective nu¬ 
clear radii. 

12.58. A rough method for deter¬ 
mining the order of magnitude of nu¬ 
clear radii, based on the scattering of 
alpha particles, was described in § 4.18. 
A somewhat more accurate, although 
still approximate procedure, makes use 
of the anomalous scattering observed 
with nuclei of low mass when the 
alpha particle exceeds a certain en¬ 
ergy. For energies below this value, 
the scattering is in agreement with 
Coulomb's law (§ 4.16), but at higher 
alpha-particle energies, the law is not 
obeyed, and the scattering is said to 
be anomalous. The radius of the scat¬ 
tering nucleus can then be evaluated 
from the minimum energy at which 


this anomalous scattering commences. 

12.59. Total neutron cross sections, 
i.e., for both absorption and scattering, 
exhibit somewhat irregular behavior at 
moderate and very high energies. For 
neutron energies of about 20 Mev, 
however, theory indicates that the 
total cross section should be equal td 
27 tR 2 , where R is the nuclear radius. 
Hence, the radii can be determined 
from the measured cross sections. A 
related method is based on tjie re¬ 
action cross sections for charged par¬ 
ticles, e.g., protons. These would also 
be equal to 2? rR 2 were it not for the 
fact that the charged particles must 
penetrate the potential barrier op¬ 
posing their entry into the target nu¬ 
cleus. Allowance for this penetration 
can be made by a method similar to 
that used for alpha-particle emission, 
and then the radius of the nucleus can 
be estimated from the measured re¬ 
action cross section. 

12.60. In all the foregoing pro¬ 
cedures, the quantity calculated is the 
distance from the center of the nucleus 
at which an approaching (or emitted) 
particle “feels” the full effect of nu¬ 
clear interaction. It may thus be 
regarded as the effective radius for 
nuclear interaction. The results ob¬ 
tained in all cases may be represented, 
to a fair approximation, by the re¬ 
lationship 

R = 1.5 X 10~ 18 A 1/3 cm., 
where R is the nuclear radius and A 
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is the mass number of the particular 
species. 

12.61. The methods described below 
for obtaining nuclear radii do not in¬ 
volve the approach or emission of par¬ 
ticles with which the nucleus inter¬ 
acts. They depend, rather, on electrical 
forces of one kind or another. One 
method makes use of the energy dif¬ 
ference, as measured by the radio¬ 
active decay energy, between mirror 
nuclei (§ 12.18). This energy difference 
may be attributed entirely to the elec¬ 
trostatic (Coulomb) repulsion of the 
extra proton in one member of each 
pair, and this can be related to the 
nuclear radius. The electrostatic en¬ 
ergy estimated by classical methods 
must, however, be adjusted for certain 
wave mechanical effects in order to 
give the correct results. 

12.62. Mu-mesons interact to a neg¬ 
ligible extent with nuclei by specifically 
nuclear forces, and the only significant 
interaction that does occur is purely 
electrostatic in nature. It was seen in 
§ 4.77 that a negative mu-meson may 
be trapped for an appreciable time by 
a nucleus, and mesonic X-rays are 
then emitted as a result of transitions 
of the meson from one energy level to 
another. Because of its relatively high 
mass, compared with that of an elec¬ 
tron, the mu-meson spends much of 
its time close to (or actually within) 
the nucleus. Consequently, the nucleus 
does not behave as a point-charge, but 
as a positive charge distribution of 
finite size, equal to the size of the 
nucleus. From the difference in the ob¬ 
served energies of the mesonic X-rays 
and those calculated on the basis of a 
point nuclear charge, the dimensions 
of the nucleus may be determined. A 
somewhat similar effect occurs with 
the normal characteristic X-rays of an 
element (§ 4.71). Although the magni¬ 
tude is much less than for mesonic 
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X-rays, the results can also be used 
to estimate nuclear radii. 

12.63. An interesting method, hav¬ 
ing definite possibilities, for investi¬ 
gating nuclear dimensions makes use 
of the scattering of electrons of high 
energy, e.g., 100 Mev or more. As with 
mu-mesons, the only interaction be¬ 
tween electrons and an atomic nucleus 
is by electrostatic forces. From the 
extent of the electron scattering in dif¬ 
ferent directions, it is possible to ob¬ 
tain information concerning the dis¬ 
tribution of the positive charge, i.e., of 
protons, in the nucleus. 

12.64. As may be expected,The elec¬ 
trostatic methods for obtaining nu¬ 
clear radii give values somewhat 
smaller than those recorded above; 
the results may be expressed by 

R = 1.2 X 10- 13 A 1 ' 3 cm. 

This means that the nuclear forces 
extend over a greater distance than 
does the positive charge distribution 
in the nucleus. Incidentally, although 
some of the procedures described above 
are based on the assumption that the 
positive electrical charge is uniform 
throughout the nucleus, the electron 
scattering measurements indicate that 
this may not be so. It appears that 
most of the positive charge is con¬ 
centrated near the center of the nu¬ 
cleus, and there is a more or less 
gradual tapering off toward the out¬ 
side. If this is the case, the exact 
significance of the term “nuclear 
radius” is somewhat in doubt, although 
the results recorded above do give 
some indication of nuclear size. 

Nuclear Magnetic Moments 

12.65. Because it has a direct 
bearing on the problems of nuclear 
structure, some mention must be made 
here of the subject of nuclear magnetic 
moments. An electrically charged par- 
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tide possessing angular momentum, 
that is to say, undergoing rotation of 
some kind, will act like a small magnet 
and will possess a magnetic moment* 
the value of which can be expressed in 
terms of a unit called a magneton^ 
equal to ehf4.7r7nc, where e is the 
magnitude of the charge, h is the 
Planck constant, m is the rest mass of 
the charged particle, c is the velocity 
light and n has its usual meaning. 
If the charged particle is an electron, 
the unit is known as the Bohr mag- 
neton, but if m is taken as the mass of 
a proton, the resulting quantity is re¬ 
ferred to as a nuclear magneton. 

12.66. The measured magnetic mo¬ 
ment of a fundamental particle, such 
as an electron or a proton, should be 
equal to 2s magnetons, w T here s is the 
spin quantum number. Since the elec¬ 
tron and proton each have a spin of 
V 2 unit, the magnetic moment should 
he exactly 1 Bohr magneton or 1 nu¬ 
clear magneton, respectively. As will 
be seen shortly, the magnetic moment 
of the proton is considerably larger 
than this theoretical value, but for 
the electron the agreement is good. 
Nevertheless, precise measurements of 
quite different types, reported in 1947 
by W. E. Lamb and by P. Kusch in 
the United States, indicated that the 
magnetic moment of the electron was 
actually 1.0016 Bohr magnetons. This 
discrepancy, although small, had con¬ 
siderable theoretical significance, and 
II. A, Bethe in 1947 and J, 8. Schwinger 
in 1948 showed that, it could be ac¬ 
counted for by the interaction of the 
electron with its own electromagnetic 
field. The correction w^as calculated to 
be 1/2?r times the coupling factor of 
1/137 mentioned in § 12.26, i.e., 
0.00161, in excellent agreement with 
the observed value. 


12.67. Hough measurements of the 
magnetic moments of the proton and 
deuteron were made in 1933 and 1934 
by the German-born physicists O. Stem 
and I. Esterniann, but the most im¬ 
portant developments in the field of 
nuclear moments are due mainly to 
the work of I. I. Rabi and his collab¬ 
orators, performed in the United 
States since 1933. In this connection, 
the radiofreqwmcy spectrum method! 
described in 1939, has proved to be of 
particular significance. Because of its 
magnetic properties, a nucleus, when 
placed in a strong magnetic field, is 
capable of existing in one of a number 
of different energy levels. These are 
actually sublevels of the main nuclear 
energy levels, which are involved in 
gamma-ray transitions, and are' much 
more closely spaced. The spacing 
depends on the magnetic moment of 
the nucleus and its spin. 

12.68. Suppose a beam of atoms is 
passed through a strong, uniform mag¬ 
netic field, and upon this is superim¬ 
posed a weak field, oscillating with a 
known frequency. This oscillating field 
is equivalent to a radiation field, and 
when its frequency has the proper 
value, energy can be taken up from it 
by the atomic nuclei, so that they un¬ 
dergo transitions from lower to higher 
magnetic sublevels. When this hap¬ 
pens there is a change in the orienta¬ 
tion of the nuclear magnets in the 
uniform magnetic field, which can.be 
detected by measurement of the atomic 
beam impinging upon a detector placed 
in a suitable position. Thus, by stead¬ 
ily varying the frequency of the mag¬ 
netic field and observing the corre¬ 
sponding beam strengths, the reso¬ 
nance frequency, at, which the nuclei 
absorb energy from the field, can he 
determined. 
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12.69. Assuming there are no com¬ 
plicating factors, or that allowance 
has been made for them, the nuclear 
magnetic moment /* is related to the 
resonance frequency v by the expres¬ 
sion 



where I is the nuclear spin quantum 
number (§ 4.86), h is the Planck con¬ 
stant, and H is the strength of the 
uniform magnetic field. In order to 
evaluate the magnetic moment it is 
necessary to know the spin of the 
given nucleus; this can be determined 
either from magnetic measurements, 
related to those just described or, in 
many cases, more simply from a study 
of optical or microwave spectra. 

12.70. The procedure for determin¬ 
ing the nuclear magnetic resonance 
frequency described above utilizes the 
material in the form of a gaseous 
beam of atoms (or molecules), and so 
it is often referred to as the molecular 
beam resonance method. In 1946, how¬ 
ever, F. Bloch and E. M. Purcell and 
their respective collaborators, working 
independently in the United States, 
developed methods for obtaining the 
magnetic moments of nuclei utilizing 
matter in bulk, i.e., liquid or solid. 
The basic idea was originally enunci¬ 
ated by C. J. Gorter in Holland in 
1936, but he was unsuccessful in his 
attempts to put it into practice be¬ 
cause of experimental difficulties. 

12.71. In the molecular (or atomic) 
beam method, the occurrence of reso¬ 
nance is observed by the effect on the 
beam itself of the nuclear magnetic 
transitions. In the magnetic resonance 
absorption (Purcell) and resonance 
induction (Bloch) methods, however, 
the resonance is detected either by the 
absorption of energy or by the electro¬ 
motive force resulting from a change 
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in orientation of the nuclear magnets. 
The material under investigation, sur¬ 
rounded by a coil of wire, is placed in 
a strong uniform magnetic field. A 
high-frequency, alternating current is 
passed through the coil, to produce a 
weak, oscillating field of known fre¬ 
quency. For the magnetic resonance 
absorption technique, the resonance 
frequency is indicated by the absorp¬ 
tion of energy by the nuclear magnets, 
as indicated by a sharp drop in the 
voltage of the high-frequency circuit. 
In the resonance induction procedure, 
the occurrence of resonance is detected 
by an electromotive force induced in 
a coil placed at right angles to the one 
carrying the high-frequency current. 
From a knowledge of the resonance 
frequency and the magnetic field 
strength, the nuclear magnetic moment 
can be obtained with the aid of equa¬ 
tion (12.4). 

12.72. The spin quantum numbers 1 
and the magnetic moments ju, of a 
number of simple nuclei, and of the 
neutron, are given in the accompany¬ 
ing table; the moments are expressed 
in terms of the nuclear magneton 
defined above. A positive sign means 


Nuclear Spins and Magnetic Moments 


Nucleus 

i 


o n l 


-1.9m 

iH 1 


2.7927 

iH* 

1 

0.8574 

iH* 


2.9788 

2 He 8 


-2.1275 

5 B 10 

3 

1.8008 

fiB 11 

S 

2.6885 

9 F 19 


2.6285 

2 iSc« 

K 

4.7563 

3 2 Ge 73 

% 

-0.8791 

4 fiCd 113 

a 

-0.6224 

4 9 In 113 

% 

5.523 

wXe 129 

yi 

-0.7766 

64Xe 131 

% 

0.70 

6 2 Sm 147 

% 

-0.80 

83 Bi209 

% 

4.080 

that the 

direction 

of the magnetic 

moment is 

the smme 

as that produced 
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by a rotating (or spinning) positive 
charge, whereas a negative sign means 
that it is equivalent to a rotating 
negative charge. 

12.73. Nuclei with even numbers of 
protons and neutrons have not been 
included in the tabulation, since they 
all have zero spins. As I is zero, the 
magnetic moments are presumably 
zero, according to equation (12.4). 
The pairing of the oppositely directed 
spins of both the protons and the neu¬ 
trons results in a net nuclear spin of 
zero. As might be anticipated, odd-odd 
nuclei have integral spins, whereas for 
odd-even and even-odd species the 
resultant spin is half integral. If the 
number of protons is odd and the neu¬ 
trons even, the magnetic moment is 
generally large and positive, presum¬ 
ably due to the effect of the odd 
proton. On the other hand, in nuclei 
with an odd number of neutrons and 
an even number of protons, the mag¬ 
netic moment is frequently smaller 
and, like that of the free neutron, has 
a negative sign. 

12.74. The bearing of nuclear spin 
and magnetic moment information on 
the problems of nuclear structure will 
be considered later (§12.117). Ref¬ 
erence will be made here, however, to 
some of the results given above. It will 
be noted, in the first place, that the 
proton, unlike the electron, does not 
behave as a simple charged particle. 
If the latter were true, the magnetic 
moment would be 1 nuclear magneton 
(§ 12.66), but the actual value is much 
larger. The discrepancy has been in¬ 
terpreted qualitatively as being due to 
interaction of the protons with the 
positive meson field resulting from the 
emission and absorption of virtual 
mesons. This explanation is analogous 
to that used successfully to account 
for the small discrepancy in the mag¬ 
netic moment of the electron. But as 


seen in § 12.26, the coupling of a nu¬ 
cleon with the meson field is very 
much stronger than is the case for an 
electron with its field. Hence, the large 
difference between the observed mag¬ 
netic moment of the proton and the 
theoretical value of 1 magneton is not 
surprising. 

12.75. The neutron, although an 
electrically neutral particle, has a 
fairly large negative magnetic mo¬ 
ment, so that it is equivalent to a spin¬ 
ning negative charge. It would appear, 
therefore, that there is a separation of 
charges in the neutron, and a possible 
way to account for this is in terms Qf 
a negatively charged cloud of virtual 
mesons surrounding the neutron. 

12.76. Since the deuteron is believed 
to consist, mainly at least, of a proton 
and a neutron with parallel spins, the 
magnetic moment should, as a first ap¬ 
proximation, be equal to the sum of 
the separate nucleon moments, i.e., 
2.79294 + (-1.91314) = 0.8796, com¬ 
pared with the actual value of 0.8574 
magnetons. Although the two values 
are in general agreement, there is a 
difference. This has been explained by 
postulating that, as is also indicated 
by other measurements, the deuteron 
spends part of its time in a state of 
higher orbital momentum, in which its 
magnetic moment would be definitely 
less than the ground state. However, 
it should be pointed out that some of 
the discrepancy may be due to a dif¬ 
ference in the magnetic moments of 
the nucleons in the free and combined 
conditions. 

12.77. This point may be brought 
out by a consideration of the magnetic 
moments of H 3 and He 3 . In the H 3 
nucleus, consisting of a proton and 
two neutrons, it is to be expected that 
the neutron spins will be oppositely 
directed. The magnetic moment of the 
H H nucleus should thus be approxi- 
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mately equal to that of the proton; 
actually, it is about 0.185 magneton 
larger. Similarly, the magnetic mo¬ 
ment of the He 3 nucleus, containing 
two protons with opposite spins and a 
neutron, is found to be 0.214 magneton 
more negative than that of th§ free 
neutron. The fact that the differences 
are approximately equal and of op¬ 
posite sign is attributed to a moment 
arising from the exchange of mesons 
in the interaction of the nucleons. In 
other words, the magnetic moment 
contributed to the nucleus as a whole 
by each nucleon is different from the 
moment of the nucleon (neutron or 
proton) in the free state. 

Magnetic Quadrupole Moments 

12.78. The moments considered 
above are magnetic dipole moments , 
similar to those produced by a simple 
magnet with two poles. From studies 
of the behavior of nuclei in magnetic 


fields, and also from the fine structure 
of optical and microwave spectra, it 
appears that many nuclei also possess 
quadrupole moments , equivalent to a 
system of four magnetic poles. If the 
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positive charge on a nucleus were 
distributed in a completely symmetri¬ 
cal, spherical manner, the quadrupole 
moment would be zero; the fact that 
it is frequently not zero means that 
there is an unsymmetrical (or dis¬ 
torted) charge distribution. A positive 
quadrupole moment means that the 
charge distribution, instead of being 
spherical, is drawn out (or elongated) 
in the direction of the spin axis in the 
form of a prolate spheriod (Fig. 12.4, 
I), sometimes referred to as “cigar 
shaped.” On the other hand, a nega¬ 
tive quadrupole moment implies that 
there is a flattening of the spherical 
distribution about the spin axis, lead¬ 
ing to an oblate (or flattened) sphe¬ 
roid (Fig. 12.4, II). These distortions 
from a true sphere, in the shape of 
the nucleus, are not large, rarely ex¬ 
ceeding 10 per cent of the radius in 
extent. 

12.79. Negative quadrupole mo¬ 
ments are usually small and are not 
common; they generally occur with 
nuclei in certain mass number regions, 
as will be seen below. Positive values, 
on the other hand, are found more fre¬ 
quently and are sometimes quite large. 
Of special interest is the appreciable 
positive quadrupole moment of the 
deuteron, so that this nucleus is elon¬ 
gated in the direction about which the 
neutron and the proton are spinning. 
The presence of the quadrupole mo¬ 
ment in the deuteron implies that, in 
addition to what are called central 
forces , determined only by the dis¬ 
tance between the neutron and pro¬ 
ton, there is also a small contribution 
from tensor forces. The latter depend, 
in addition, on the angle between the 
spins of the nucleus and the line join¬ 
ing their centers. The inference is that 
a state of higher orbital momentum 
exists in the deuteron, as mentioned in 
§ 12.70. 



SPIN 

AXIS 


Fig. 12.4. Representation of nucleus with 
positive (I) and negative (II) quadrupole 
moment. 
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NUCLEAR STRUCTURE 


The Liquid-Deop Model 

12.80, Because of the difficulty in 
explaining quantitatively the forces 
between nucleons, another approach 
to the problem of the atomic nucleus 
is to set up a model which will, it is 
hoped, account for the properties of 
the nucleus as a whole. Three such 
models have attracted special atten¬ 
tion. The liquid-drop model will be 
diseussed first and then the nuclear- 
shell model, representing a diametri¬ 
cally opposed point of view. Finally, 
mention will be made of the collective 
model which combines certain features I 
of the other two models. 

12.81. Because the binding energies 
and volumes of atomic nuclei are ap¬ 
proximately proportional to the num¬ 
ber of constituent nucleons, indicating 
saturation character of the nucleon 
forces, the nucleus has been compared 
in its behavior to a drop of liquid. 
This analogy appears to have been 
suggested by G. Gamow (see § 7.30) 
in 1930, but it was not until 193(5 that 
the concept was developed by N. 
Bohr, as the basis of the compound 
nucleus theory (§ 10.11). According to 
the liquid-drop model , the nucleons in 
a nucleus interact very strongly with 
each other, just as do the molecules in 
a drop of liquid. Hence, any excess 
energy associated with an individual 
nucleon would be very rapidly shared 
among the other nucleons. The energy 
levels of the nucleus are thus regarded 
as quantum states of the nucleus (or 
liquid drop) as a whole, rather than 
of a single nucleon. An important ap¬ 
plication of the liquid-drop model is 
in connection with nuclear fission, as 
will be seen in Chapter XIII. Other 
achievements of the model, related to 


nuclear binding energies and the prop¬ 
erties of isobars, will be considered 
here. 

Calculation of Nuclear 
Binding Energies 

12.82. The net binfling energy of a 
nucleus may be regarded as being 
made up ol a number of factors, some 
of which depend upon the similarity 
oi the nucleus to a drop of liquid and 
others upon forces that are concerned 
with the constituent nucleons. Since 
nuclear forces are of a short-range 
character, with saturation properties 
(§ 12.14), each nucleon will be strongly 
held by those in its immediate vidinit.y, 
but will be unaffected by the others. 
As a result, to a first approximation, 
there will be an attractive for volume) 
energy , proportional to the number of 
nucleons in the nucleus; in other 
words, this energy term will vary ap¬ 
proximately as the mass number A, 
so that it can be represented by the 
term a^A, where a 3 is a proportionality 
, constant. 

i 13. The value just derived for 
the energy of attraction is probably 
reasonably correct when the number 
of protons in the nucleus is equal to 
the number of neutrons. But, since 
most nuclei contain an excess of neu¬ 
trons, the result is somewhat of an 
overestimate. These extra neutrons are 
inevitably in higher quantum states 
than the other nucleons, and so they 
contribute a smaller amount (per neu¬ 
tron) to the total binding energy. 
Statistical calculations, which are too 
difficult to explain here, lead to* the 
conclusion that allowance for this 
composition (or asymmetry) effect , as 
it may bo called, can be made by in- 
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eluding in the binding energy the term 
— a 2 {A — 2Z) 2 /A } where A — 2Z is the 
neutron excess and a 2 is a constant.* 

12.84. As seen in § 12.39, the long- 
range electrostatic forces due to repul¬ 
sion of the protons decrease the binding 
energy by a quantity proportional to 
Z 2 /A 1/3 ; hence the contribution of 
these forces can be expressed by 
— asZ 2 /A 1/s > where a 3 is the propor¬ 
tionality constant. 

12.85. In addition, a term must be 
included here which was omitted from 
the earlier qualitative discussion be¬ 
cause it is related directly to the mass 
number and consequently is the same 
for a series of isobaric nuclei. In stat¬ 
ing that the binding energy is propor¬ 
tional to the mass number, it is tacitly 
assumed that every nucleon has the 
same access to other nucleons. Actu¬ 
ally, those at the surface of the nu¬ 
cleus will be less tightly bound than 
those in the interior, so that the bind¬ 
ing energy is reduced by ah amount 
which varies as the surface area of the 
nucleus. Since the nuclear radius is 
proportional to A 1/3 , its area is related 
to A 2/3 } and the surface effect is given 
by a term —a 4 A 2/3 ? where a 4 is the 
proportionality constant in this case. 

12 . 86 . Finally, in calculating the 
nuclear binding energy, consideration 
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spins; if all the spins are paired, as 
they would be in an even-even nu¬ 
cleus, there is an additional contri¬ 
bution to the binding energy, but if 
both a proton and a neutron with un¬ 
paired spins are present, as in an odd- 
odd nucleus, there is a corresponding 
negative or repulsive effect. This may 
be called the spin (or pairing) effect. 
Although there is no theoretical basis, 
it appears that the influence on the 
binding energies of even-even or odd- 
odd nuclei can be represented with 
sufficient accuracy by a term ±a 5 /A, 
where the positive sign, implying an 
increase in the binding energy, applies 
to the former type, and the negative 
sign, which results in a decrease of 
this energy, is applicable to the latter 
type. Nuclei containing either an even 
number of protons and an odd number 
of neutrons, or the reverse, have inter¬ 
mediate stability and the spin con¬ 
tribution is taken as zero. 

12.87. Upon adding the five terms 
derived above, it is seen that within 
the limitations of the foregoing treat¬ 
ment which, it must be acknowledged, 
is probably oversimplified in spite of 
its apparent complexity, the binding 
energy (B.E.) of a nuclide of mass 
number A and atomic number Z is 
given by 


B.E. = a\ A 


a% 


( A ~ 2 gl 2 - a, — - atA” ± (12-5) t 

A 6 A m A 


must be given to the influence of the 
odd or even character of the numbers 
of protons and neutrons. When these 
numbers are both even, the nuclei are 
exceptionally stable, and when they 
are both odd the system is particularly 
unstable. This may be attributed to 
the pairing, or otherwise, of nucleon 


12.88. In order to utilize this ex¬ 
pression to calculate binding energies, 
the values of the five constants must 
be known; of these, a% can be derived 
from electrical theory, but the other 
four are empirical and must be ob¬ 
tained from experimental data. By 
differentiating equation (12.5) with 


*Thc excess number of neutrons, equal to (4 — Z) — Z, i.e., to A — 22, is sometime* 
called the isotopic miTnber, a name introduced by W. D. Harkins in 1921. However, tint 
appellation "isotopic 1 * does not convey the real significance of the number, 
t An equation of this type wna derived by C. F. von Wei^sacker in (»orinany in 1935. 
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respect to 2 , with the mass number A 
maintained constant, and setting the 
result equal to zero, the condition is 
obtained for the maximum value of 
the binding energy, and hence for the 
atomic number (Z), of the most stable 
nuclide for a given mass number. In 
the differentiation the terms involving 
°i' a * ant I a s disappear because ,4 is 
constant, and since a ;i is known, it is 
possible to determine the value of a 2 
giving the best fit of a mean curve for 
which the atomic numbers of the stable 
isotopes are plotted against their mass 
numbers. Since is zero for an odd- 
even or an even-odd nucleus, the two 
remaining constants ai and a 4 can be 
calculated from the known binding en¬ 
ergies of any two nuclides of this 
type, as determined from their iso¬ 
topic weights (§ 12.7) The spin-effect 
Constant a 5 is obtained empirically 
from the binding energies of even-even 
nuclei. Upon inserting the constants 
derived, in this manner, the binding 
energy in Mev can be represented by 
the expression 


B.E. (Mev) = 14.04 — 19 3 ^- -^1 

A 

12.89. The relative effects of the 
Various factors on the net binding en- 
can best be seen by performing 
I hr calculations for nuclides of low, 
medium and high mass number The 
I'l'ndtH for 20 Ca*°, so Sn 120 and 0 ,U £ ™ 
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arc given in the table; the estimated 
binding energies are seen to be 342 
1004 and 1796 Mev, compared with 
the values 342, 1020 and 1800 Mev re¬ 
spectively, derived from the isotopic 
weights. Since the data, in either case 
are probably not reliable to more than 
ree significant figures, the agreement 
between the observed binding energies 
and those obtained from equation 
( 12 . 6 ) is very satisfactory. 

12.90. Upon examining the various 
energy terms it will be noted that the 
decreased binding energy per nucleon 
tor elements of high atomic number 
discussed in § 12.9, is due mainly to 
the marked increase in the electro¬ 
static repulsion of the protons. It is, 
consequently, also the factor largely 
responsible for the possibility of alpha- 
particle emission, since this depends 
on the decrease in binding energy of 
the nucleons, as explained earlier, and 
also for the considerable liberation of 
energy accompanying nuclear fission, 
to which reference will be made in 
§ 13.23. 


0,585 Tm ~ 13 -054 2 / 3 ± —. ( 12 . 6 ) 

A 


Properties of Isobars 

12.91. Although isobars have the 
- ame number, they contain dif¬ 
ferent numbers of protons and neu¬ 
trons, so that the total binding en- 


Calculation of Binding Energies (Mev) 
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ergies will, in general, be different. 
The individual values could be deter¬ 
mined from equation (12.6), but for 
the present purpose this is not neces¬ 
sary. An examination of the equation 
shows that, for a set of isobaric nu¬ 
clides, i.e., having the same value of 
A the second, third and fifth terms on 
the right of equation (12.6) will vary, 
the other two terms remaining un¬ 
changed. As the atomic number Z 
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effect is zero throughout. Of the other 
two energy contributions, one de¬ 
creases whereas the other increases, in 
magnitude, with increasing atomic 
number. It follows, therefore, that the 
I total binding energies for a series of 
I nuclides of constant (odd) mass num¬ 
ber must fall on a parabola-like cui ve, 
such as is depicted in Fig. 12.5. For 
the sake of reality, the mass number 
is taken as 73, and the atomic numbers 



increases, the second term, due to the 
excess nucleons, becomes smaller nu¬ 
merically, so that the binding energy 
wilt increase. The third term, arising 
from electrostatic repulsion of the 
protons, increases with Z, so that its 
effect is in the opposite direction. 
Finally, the last (odd-even or si on) 
term is positive in an even-even nu¬ 
cleus, negative in an odd-odd nucleus 
and zero in all others, i.e., for nuclei 
of odd mass number. 

12.92. Consider, in the first place, 
the variation with atomic number ot 
the binding energies of isobars of odd 
mass number. The odd-even (or spin) 


range from 30(Zn) to 34(Sc), the 
corresponding binding energies air, 
however, only qualitatively correct* t 
should be noted that it is the common 
practice to plot the binding energies 
so that the bottom of the curve 
represents the most stable nuclide ol 
the series, with the largest binding 
energy. 

12.93. It can be seen that, in gen* 
eral, there will be one isobar for which 
the energy is at, or nearest, the bot¬ 
tom of the curve; this will be the only 
stable member of the isobaric serum, 
in accordance with the established 
fact that for any given odd ni»H* 


than that of the p a * 
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number there is but one stable species. 

It may happen, in certain circum¬ 
stances, that the binding energies of 
the nuclides are such that a pair of 
adjacent isobars with closely similar 
binding energies lie near the bottom of 
the curve. In this event both might 
appear stable, although one is really 
unstable unless the binding energies 
are identical. 
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Properties of isobaric nuclides of even 
number. 


12.94. All isobaric nuclides, whose 
■fading energies are less than that of 
Tie stable one, will lie on the two arms 
the parabolic curve in Fig. 12.5. 
will be unstable, and will decay 
■by the emission of a negative or posi- 
Hive beta-particle or by orbital-elec- 
■tron capture. Those to the left of the 
.^^■fttahle species have lower atomic num- 
Bierm and, hence, fewer protons; they 
will consequently exhibit negative 
Bitn-aotivity, and the atomio number 
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even effect The general parabola-like 
shape of the binding energy curve with 
increasing atomic number, due to the 
repulsive proton and excess neutron 
forces, is the same as for isobars of 
odd mass number. However, a nu¬ 
clides with even numbers of protons 
and neutrons have an addition a bind 
ing energy, while for those with odd 
numbers of protons and neutrons tm 
energies arc correspondingly dimi 
Scd. The result is that the points 
representing the former are lowered, 
whUe those indicating the latter are 
raised, so that two parabolic cun’es ■ 
arc obtained, as shown in rig- 

12 97 A number of interesting con- | 
elusions, which are in agreenient with 
the established facts,_ may be drawn 
from these curves. Since the iso a 
with odd numbers of protons andl ne- 
irons be on the upper curve they w 
he unstable with respect to those 
oven numbers. Hence, no stable odd- 
odd nuclide should exist * As regards 
the even-even species, it IS sce ° 
there are two isobars near the bottom 
of the lower curve whose atomic nun - j 
hers fbffer by two units. ™eseco " I 
stituto the stable isobanc pairs, t | 
vbkb several are known, containing 
even numbers of protons and neutron^ 

Since radioactive transitions mvoh mg 

the simultaneous emission o two beta 
particles do not occur,t both nuchdes 
'are stable, although one 
greater binding energy 
and hence be the more stable of the 

P T 2 ,S. As is the case in Tig- 12 - 5 ’ 
nuclides to the left of the stable spa¬ 
des decay by negative beta-emission 
while those to the right alter eject a 
positive beta-particle or capture an 
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orbital electron. The isobar at the 
bottom of the upper curve is m the 
unique position of being between two 
stable nuclei ;t lienee, it should be ca¬ 
pable of exhibiting both positive an 
negative beta-decay. It was stated in 
S 10 100 that a few artificial radionu¬ 
clides are known which decay m tins 
dual manner; they invariably contain 
odd numbers of protons and neutrons, 

-md lie between two stable isobais, 
each of which is of the even-even type. 

But in several instances these inter¬ 
mediate odd-odd species emit eithci 
positive or negative beta-particles, bm 
not both. Evidently, one type of decay 
takes place preferentially either be¬ 
cause this leads to the more stable of 
the two possible products, or because 
the other transition is forbidde . 

12.99. Although specific element, 
have been indicated in Figs. 12.5 aiw 
12 6 the foregoing discussion applies 
quite generally, with a few exceptions, 
to all isobaric series other than those 
of the lowest and highest mass num¬ 
bers In some cases, several members 
of a series have been identified while 
in others only a few are yet known 
It is consequently possible to piedu 
the properties of hitherto undiscovered 
radionuclides. In this connection, a 
simple relationship between the hal 
life of a particular species and it. 

I position on the binding-energy curve 
| ’s of special interest. For isobars of 
odd mass number, the mstobihty is 
greater, and hence the half hfe shou 
I be shorter, the larger the difference of 
binding energy between the given nu¬ 
clide and the stable member of the 
series In a chain of beta dismtegra- 
the half life should increase, 
more or less regularly as stability 


„ T p n» and N 1 *, mentioned in 112 . 45 , which con- 

«r-‘- ftjR- “* - 

of l his kiwi nrr* rfin'f" 
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approached, as may be illustrated by 
the following example: 


interested in the problem of the occur¬ 
rence in nature of the elements of 


4.1 min. 

,iSb 133 -> 


2 min. 

52 Te 133 -> 


20.8 hr. 

53 I 133 -> 


4 Xe 133 


5.3 day 


l5 Cs 138 (stable). 


Another possible member of this series, 
preceding Sb 133 , is Sn 133 ; it is described 
as a beta emitter of “very short” half 
life, but its existence is not completely 
certain. 

12.100. An analogous effect occurs 
with isobars of even mass number, but 
the regularity is observed only if the 
even-even and odd-odd members are 
taken separately; thus, 


atomic numbers 43 and 61. Claims 
have been made from time to time to 
the discovery of these elements on 
earth, but none of these claims has 
been definitely substantiated.* The 
situation is, then, that while it is not 
possible to state categorically that 
there are stable forms of these ele¬ 
ments, it equally cannot be affirmed 
that they do not exist. Nevertheless, 


16 sec. 

, 4 Xe 140 -> 


5 Cs 140 ■ 


12.8 d. 

6 6 Ba 140 -► 


i 7 La 140 ■ 


40.0 hr. 


58 Ce 140 (stable). 


Since this is a series of even mass 
number, two stable isobars might be 
expected, the second, differing from 
esCe 140 by two units of atomic number, 
being 60 Nd 140 . However, the latter is 
unstable, presumably because its neu- 
tron-to-proton ratio lies just outside 
the stability range. 

12.101. While considering the sub¬ 
ject of the life periods of beta-emitting 
radionuclides, reference may be made, 
In passing, to the mirror nuclei men¬ 
tioned earlier. Each of these species 
contains one proton in excess of the 
number of neutrons, and the insta¬ 
bility can be accounted for by the 
electrostatic repulsion of the protons 
(g 12.18). With increasing atomic I 
number this repulsion increases, so 
tlltit there is an increasing degree of 
Instability reflected in the progressively 
greater energies of the emitted positive 
ptita particles and the shorter half 
lives (§7.83). 

Missing Elements 

J 12*102. During the past two or 
three decades, chemists have been 


some significant conclusions may be 
reached on this problem in the light 
of the discussion of the preceding 
paragraphs. Since element-43 has an 
odd atomic number, it can have, at 
most, two stable isotopic forms. The 
neighboring elements of the same type, 
namely, niobium and rhodium,, exist 
naturally only as the single stable spe¬ 
cies 4 iNb 93 and 45 Rh 103 , respectively. 
It would appear, therefore, that 97 
and 99 are the only reasonable mass 
numbers for possible stable forms of 
element-43. The same conclusion can 
be reached by means of detailed cal¬ 
culations of the binding energies 
using equation (12.6). 

12.103. An examination of the table 
of isotopes (§ 8.47) shows that the 
elements molybdenum and ruthenium 
exist in the stable forms 42 Mo 97 and 
44 Itu 99 . Since adjacent elements rarely 
have stable isobars, it is very im¬ 
probable that element-43 can 1 have 
stable nuclides with these mass num¬ 
bers. As a matter of fact, both of 
these isotopes have been obtained 
artificially in various ways and have 


H 

Hi 


♦As util tod in $ 10.86, radioactive fomin of both these elements are now known (see Cliap- 
ifil" XVI). It 1 111 h been reported that; eloment- 43 , (lulled technetium (8 10.77), is present to 
"1 appreciable extent in certain stars. 
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ergies will, in general, be different. 
The individual values could be deter¬ 
mined from equation ( 12 . 6 ), but for 
the present purpose this is not neces¬ 
sary. An examination of the equation 
shows that, for a set of isobanc nu¬ 
clides, i.e., having the same value of 
A the second, third and fifth terms on 
the right of equation ( 12 . 6 ) will vary, 
the other two terms remaining un¬ 
changed. As the atomic number Z 
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effect is zero throughout. Of the other 
two energy contributions, one de¬ 
creases whereas the other increases, in 
magnitude, with increasing atomic 
number. It follows, therefore, that the 
total binding energies for a series of 
nuclides of constant (odd) mass num¬ 
ber must fall on a parabola-like curve, 
such as is depicted in Fig. 12.5. For 
the sake of reality, the mass number 
is taken as 73 , and the atomic numbers 



increases, the second term, due to the 
excess nucleons, becomes smaller nu¬ 
merically, so that the binding energy 
will increase. The third term, arising 
from electrostatic repulsion of the 
protons, increases with 2 , so that its 
effect is in the opposite direction. 
Finally, the last (odd-even or spin) 
term is positive in an even-even nu¬ 
cleus, negative in an odd-odd nucleus 
and zero in all others, i.e., for nuclei 
of odd mass number. 

12.92. Consider, in the first place, 
the variation with atomic number of 
the binding energies of isobars of odd 
mass number. The odd-even (or spin) 


range from 30 (Zn) to 34 (Se); the 
corresponding binding energies are, 
however, only qualitatively coriet t. t 
should be noted that it is the common 
practice to plot the binding energies 
so that the bottom of the curve 
represents the most stable nuclide of 
the series, with the largest binding 
energy. 

12 . 93 . It can be seen that, m gen¬ 
eral, there will be one isobar for which 
the energy is at, or nearest, the bot¬ 
tom of the curve; this will be the only 
stable member of the isobaric series, 
l in accordance with the estabhshe 
[act that for any given odd mass 
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number there is but one stable species. 
It may happen, in certain circum¬ 
stances, that the binding energies of 
the nuclides are such that a pair of 
adjacent isobars with closely similar 
binding energies lie near the bottom of 
the curve. In this event both might 
appear stable, although one is really 
unstable unless the binding energies 
are identical. 


than that of the parent in each case. 
For the isobars of mass number 73 , for 
example, two stages of beta decay are 
known; thus, 

3 oZn 73 —► 3 iGa 73 —» 32 Ge 73 (stable). 

12.95. Isobars which appear to the 
right of the lowest point of the bind- ; 
ing-energy curve (Fig. 12.5) contain 
more protons than the stable species. 



Fig. 12.6. Properties of isobaric nuclides of even mass 
number. 


12.94. All isobaric nuclides, whose 
binding energies are less than that of 
the stable one, will lie on the two arms 
ei the parabolic curve in Fig. 12.5. 
They will be unstable, and will decay 
mf the emission of a negative or posi- 
Hft* beta-particle or by orbital-elec¬ 
tron capture. Those to the left of the 
Bible species have lower atomic num- 
fcers and, hence, fewer protons; they 
Mil consequently exhibit negative 
pita-activity, and the atomio number 
Iff the product will be one unit larger 


Hence, these nuclides decay by the 
emission of a. positive beta-particle or 
by A-eleetron capture (or both), and 
the product has an atomic number,one 
unit smaller than that of the parent. 
A chain of disintegrations may occur 
until finally the stable isobar is formed; 
thus, 

34 Se 73 —» 33 As 73 -> 3 2 Ge 73 (stable). 

12.96. For isobars of even mass num¬ 
ber the results are somewhat different 
because of the inclusion of the odd- 
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even effect. The general parabola-like 
shape of the binding energy curve m 
increasing atomic number, due to the 
repute proton and excess neutron 
forces, is the same as for ‘sobars of 
odd mass number. However all nu¬ 
clides with even numbers of protons 
and neutrons have an additional him - 
energy. while for those with odd 
numbers of protons and neutrons^ ie 
energies are correspondingly dimi 
S The result is that the points 

representing the former are loweied, 

while t hose indicating the latter aie 
raised, so that two parade cunea 
are obtained, as shown m Fig- 

12 97 A number of interesting con¬ 
clusions, which are in agreement with 
the established facts, may be draw 
from these curves. Since the i sob as 
with odd numbers of protons and neu¬ 
trons lie on the upper curve, they will 
be unstable with respect to those v h 
even numbers. Hence, no stable odd- 
odd nuclide should exist * As regards 
the even-even species, it is seen th 
there are two isobars near the bottom | 
of the lower curve whose atomic num- | 
beTS differ by two units. These con- | 
stitute the stable isobanc pairs, of 
Sweh several are known, conta.n.ne 
numbers of protons and »*- 
Since radioactive transitions urvolvmg 
the simultaneous emission o two Kta 
particles do not occur,f both nuclides 
are stable, although one may have a 
greater binding energy than the other 
and hence be the more stable of the 

P T 2 98 As is the case in Fig. 12.5, 
nuclides to the left of the stable spe¬ 
cies decay by negative bota-en^ion 
while those to the right either eject a 
positive beta-particle or capture an 
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orbital electron. The isobar at the 
bottom of the upper curve is in the 
unique position of being between two 
stable nuclei ;t hence, it should be ca¬ 
pable of exhibiting both positive an 
negative beta-decay. It was stated in 
I 8 10.100 that a few artificial radionu¬ 
clides are known winch decay in us 
dual manner; they invariably contain 
odd numbers of protons and neutrons, 
an d lie between two stable isobars, 
each of which is of the even-even type. 

But in several instances these inter¬ 
mediate odd-odd species emit cither 
positive or negative beta-particles, but 
not both. Evidently, one type of decay 
takes place preferentially either be¬ 
cause this leads to the more stable ol 
the two possible products or because 
the other transition is forbidde . 

12 99. Although specific elements 
have been indicated in Figs. 12.5 and 
12 6 the foregoing discussion applies 
quite generally, with a few exceptions, 
to all isobaric series other than those 
of the lowest and highest mass num¬ 
bers. In some cases, several member 
of a series have been identified while 
in others only a few arc yet known. 

It is consequently possible to piedu l 
the properties of hitherto undiscovered 
radionuclides. In this connection a 
simple relationship between the ha 
life of a particular species and - 
position on the binding-energy curve 
£of special interest. For isobars o! 
odd mass number, the instability is 
greater, and hence the half life should 
be shorter, the larger the difference uf 
binding energy between the given n - 
elide and the stable member of the 
series In a chain of beta disintegra¬ 
tions' the half life should increase 
more or less regularly as stability »- 


hit;. b'° and N 1 *, mentioned in 5 12.45, which ™ii- 
Jn^piarnumSa ot horn reported, W g rwuUa aW “ 0i C ° n ' 

t Spetnen of IKind im non 
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approached, as may be illustrated by 
the following example: 


interested in the problem of the occur¬ 
rence in nature of the elements of 


Another possible member of this series, 
preceding Sb 133 , is Sn 133 ; it is described 
as a beta emitter of “very short” half 
life, but its existence is not completely 
oertain. 

12.100. An analogous effect occurs 
with isobars of even mass number, but 
the regularity is observed only if the 
even-even and odd-odd members are 
taken separately; thus, 


„ 20.8 hr. 5.3 dfiy 

63 ji33-» 64 Xe 133 ->55CS 138 (stable). 

atomic numbers 43 and 61. Claims 
have been made from time to time to 
the discovery of these elements on 
earth, but none of these claims has 
been definitely substantiated/ The 
situation is, then, that while it is not 
possible to state categorically that 
there are stable forms of these ele¬ 
ments, it equally cannot be affirmed 
that they do not exist. Nevertheless, 


16 sec. 

5 4 Xe 140 -» jsCs 140 -> 

66 sec. 

Since this is a series of even mass 
number, two stable isobars might be 
expected, the second, differing from 
0iCe 140 by two units of atomic number, 
being ooNd 140 . However, the latter is 
Unstable, presumably because its neu- 
tron-to-proton ratio lies just outside 
(he stability range. 

,2.101. While considering the sub¬ 
ject of the life periods of beta-emitting 
f&cllonuclides, reference may be made, 
III passing, to the mirror nuclei men¬ 
tioned earlier. Each of these species 
QOntnhis one proton in excess of the 
Humber of neutrons, and the insta¬ 
bility can be accounted for by the 
iWOOtrostatic repulsion of the protons 
(#12,18). With increasing atomic 
plimber this repulsion increases, so 
Milt there is an increasing degree of 
'lllitttbility reflected in the progressively 
9P0Rter energies of the emitted positive 
Bfclft particles and the shorter half 
mm (§7.83). 

Missing Elements 

f 12.102. During the past two or 
BlOCi decades, chemists have been 


iBa 140 57 La 140 -> 58 Ce 140 (stable). 

40.0 hr. v < 

some significant conclusions may be 
reached on this problem in the light 
of the discussion of the preceding 
paragraphs. Since element-43 fyas an 
odd atomic number, it can have, at 
most, two stable isotopic forms. The 
neighboring elements of the same type, 
namely, niobium and rhodium,, exist 
naturally only as the single stable spe¬ 
cies 4iNb 93 and 45 Rh 103 , respectively. 
It would appear, therefore, that 97 
and 99 are the only reasonable mass 
numbers for possible stable forms of 
element-43. The same conclusion can, 
be reached by means of detailed cal¬ 
culations of the binding energies 
using equation (12.6). 

12.103. An examination of the table 
of isotopes (§ 8.47) shows that the 
elements molybdenum and ruthenium 
exist in the stable forms 42 Mo 97 and 
44 Ru". Since adjacent elements rarely 
have stable isobars, it is very im¬ 
probable that element-43 can have 
stable nuclides with these mass num¬ 
bers. As a matter of fact, both of 
these isotopes have been obtained 
artificially in various ways and have 


* A* Muted in 8 10.80, radioactive formw of both LhtiNe olomonlH are now known Choc: Chap- 
IlH XVI). It I him bmi reported that leiuent-43, called technetium (8 10.77), in present to 
Mil uppiwjnble extent in certain Mars, 
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been found to be radioactive; the 
ground state of the form with mass 
number 99, however, has a half life 
of about 210,000 years. Minute 
amounts of the latter may thus con¬ 
ceivably exist on earth, although it 
is unstable. The half life of the iso¬ 
tope of mass number 97 is 93 days, 
and this undoubtedly does not occur 
naturally. 

12.104. A consideration of the sta¬ 
ble forms of praseodymium (atomic 
number 59) and of europium (atomic 
number 63), or a calculation of the 
binding energies, suggests that the 
most stable nuclides of element-61 
should be those with mass numbers 
145 and 147. The existence of the 
stable isobars 6 oNd 145 and 6 2 Sm 147 of 
the adj acent elements neodymium 
and samarium,* respectively, shows 
that these forms of element-61 may 
be expected to be unstable. The iso¬ 
tope of mass number 145 has a half 
life of about 30 years and that of 
mass number 147 is stated to be 2.52 
years. Several other isotopes of this 
element, ranging in mass numbers 
from 141 to 153, are known, but they 
all have even shorter half lives. It is 
safe to predict, therefore, that ele¬ 
ment-61 will not be detected on earth. 

The Nuclear-Shell Model: 

Magic Numbers 

12.105. The nuclear-shell model 
differs basically from the liquid-drop 
model in the respect that the former 
postulates a weak interaction between 
the nucleons in the atomic nucleus. 
For this reason, this model is some¬ 
times referred to as the independent- 
particle model. It is based on the 
realization that there are specific 


Atomic Energy Chap. XII 

numbers of protons and neutrons, gen¬ 
erally referred to as magic numbers 
or shell numbers f, for which the 
nuclei exhibit exceptional stability, 
just as do atoms containing certain 
numbers of closed shells of electrons 
(§4.67). In 1932, soon after the dis¬ 
covery of the neutron and the sugges¬ 
tion that nuclei were made up of 
neutrons and protons, the American 
physicist T. H. Bartlett indicated 
the possibility that the nucleons 
might occupy quantum groups or 
shells, just as do the extranuclear 
electrons in atoms. This idea was 
developed by W. Elsasser in France 
and by K. Guggenheimer in Germany 
during 1933 and 1934. Subsequently, 
in 1937, the German scientists T. 
Schmidt and H. Schuler, independ¬ 
ently, showed that the concept of 
nuclear shells could be fairly well cor¬ 
related in a simple manner with the 
known magnetic moments of nuclei. 

12.106. With the success of Bohr’s 
concept of the compound nucleus, and 
of the liquid-drop model to which it 
was related, the nuclear-shell picture 
was generally neglected. Apart from 
its persistent advocacy by W. D. 
Harkins, the model attracted little 
interest until 1948, when (Mrs.) M. 
G. Mayer, in the United States, 
brought together a considerable 
amount of convincing evidence show¬ 
ing the reality of the so-called magic 
numbers of nucleons, namely, 2, 8, 20, 
50, 82, and 126, which apparently rep¬ 
resent closed shells in the nucleus. 
Some of the main aspects of this evi¬ 
dence will be reviewed here. 

12.107. It will be seen from Fig. 
12.3 that the elements having the 
largest numbers of stable isotopes are 


* The nuulide Sm U7 , whirl) occurs in nature, is not strictly stable since it is an alpha- 
emitter of very long half life. 

t The term “magic numbers” appears to have been used first by O. Haxol, J. H. D, Jen¬ 
sen and IT. K Sues! in HMD; later, J. H. II. Jensen used the expression “shell numbers.” 
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those containing 20 and 50 protons 
or 20, 50 and 82 neutrons. For ex¬ 
ample, tin, with an atomic number of 
50 has ten iostopes; this element is 
also unique in the respect that it has 
three stable isotopes of odd mass 
number, i.e., 115, 117 and 119. It is 
noteworthy, too, that the nuclides 
which are more abundant in the uni¬ 
verse than others in the same mass 
number regions are 8 0 16 , o 0 Ca 40 , 38 Sr 88 , 
39 Y 80 , 40 Zr 90 , soSn 118 , 56 Ba 138 , siLa, 139 , 
58 Ce 140 and 82 Pb 208 . These nuclei all 
contain magic numbers of either neu¬ 
trons or protons (or both). 

12.108. The stability of nuclides 
containing magic numbers of neutrons 
is shown by their small cross sections 
for neutron capture. For 1-Mev neu¬ 
trons, the cross sections are much 
lower than the average values in the 
same region, when the neutron num¬ 
bers are 50, 82 or 126. Similarly, for 
thermal neutrons, exceptionally low 
cross sections for the (n,y) reaction 
are observed when the nuclei contain 
20, 50, 82 or 126 neutrons. Another 
aspect of this reluctance to increase 
the number of neutrons above the 
magic numbers is the unusual prop¬ 
erty of the emission of neutrons by 
the slightly excited nuclides 8 0 17 , 
36 Kr 87 and 54 Xe 137 (§ 10.131, et seq.). 
Each of these species has one neutron 
in excess of a magic number. 

12.109. In the emission of alpha 
particles by radioactive decay of the 
heaviest nuclides, it is found that the 
energy change, as indicated by the 
alpha-particle energy, is exceptionally 
large when the decay product (or 
daughter nuclide) is in the magic 
number category. A corollary to this 
is the fact that the alpha-particle 
energies are exceptionally low when 
the parent is a magic number nuclide. 
It is significant, too, that the end- 
products of the four radioactive serieH 
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described in Chapter V are 8 2 Pb 206 , 
82 Pb 207 , 82 Pb 208 and 83 Bi 209 . 

12.110. Among other phenomena 
which can be correlated with the 
special stability of magic number nu¬ 
clides are the following: the high 
binding energy of the last neutron in 
such nuclides; the departure of the ■ 
total binding energy determined from 
the isotopi^ mass from that calculated 
by equation (12.6), which makes no 
allowance for the special stability of. 
closed shells; the occurrence of alpha- 
particle emission among the isotopes 
of certain elements of medium atomic, 
weight (§10.102); the. nonexistence 
of stable isotopes of elements-43 and • 
-61; and the variation of quadrupole 
moment with the numbers of neutrons 
and protons. 

12.111. It will be apparent from 
the foregoing statements that the be¬ 
havior of atomic nuclei is frequently 
determined by the excess or deficiency 
of nucleons with respect to closed 
shells of magic numbers, just as the 
chemical and spectral properties of 
atoms are dependent upon an excess 
or deficiency of electrons. In account¬ 
ing for the arrangement of the extra- 
nuclear electrons in an atom, it is 
assumed that each electron moves in ' 
an electrostatic (or Coulomb) poten¬ 
tial field due to the nucleus and to 
all the other electrons. In the nuclear 
shell (or independent-particle) model, 
it is postulated, in an analogous man¬ 
ner, that each nucleon in a nucleus 
moves independently of the others in 
a potential field representing the 
average effect of the interactions of; 
all the other nucleons. Every nucleon 
is thus treated as an independent 
particle, except in the respect that the 
Pauli principle requires two nucleons 
with the same spatial coordinates (or 
quantum numbers) to have opposite 
HpitiH. It may be mentioned, incident- 
























380 


Sourcebook on Atomic Energy Chap. XII 


ally, that the independent-particle 
concept, which does not require strong 
interaction among the nucleons, is in 
better agreement with the cloudy 
crystal ball model (§ 11.116) than is 
the liquid-drop nucleus. 

12.112. One reason why the inde¬ 
pendent-particle model received little 
attention was the difficulty in ac¬ 
counting for the closed-shell numbers, 
particularly 50, 82 and 126, A method 
for doing so, which has proved to be 
remarkably successful, was proposed 
independently in 1949 by (Mrs.) M. 

G. Mayer in the United States and 
by 0. Haxel, J. H. D. Jensen and 

H. E. Suess in Germany. There are 
two ways in which the approach dif¬ 
fers from that used in connection with 
the extranuclear electrons. The first, 
which has been accepted for several 
years, is that the potential (or force) 
field in which a nucleon moves is 
quite different from the electrostatic 
field to which an electron is subjected. 
The second, for which there is as yet 
no adequate explanation except that 
it gives correct results, is concerned 
with the interaction (or coupling) of 
the orbital and spin motions of the 
nucleons. 

12.113. Two types of potential, in 
particular, have been tried in con¬ 
nection with nuclear forces. One is 
the so-called “square well” form, 
represented schematically by the full 
lines in Tig. 12.7, I for a neutron and 
Fig. 12.7, II for a proton. The barrier 
in the latter case, like that in Fig. 7.4, 
arises from the electrostatic repulsion 
between a proton and the remainder 
of the nucleus. In the square-well 
potential, a nucleon experiences no 
attraction by the other nucleons until 
it reaches a certain distance R , equal 
to the nuclear radius, from the center 
of the nucleus; then the full attrac¬ 
tive force is suddenly exerted. This 


potential has been found to be not 
completely satisfactory and it re¬ 
quires modification by a certain 
amount of a harmonic oscillator po¬ 
tential , representing a more gradual 
onset of the nuclear force, as shown 
by the dotted curves in Figs. 12.7, I 
and II. The horizontal lines in the 



Fig. 12.7. Schematic representation of 
neutron (I) and proton (II) energy levels 
in a nucleus. 


figures are an attempt to indicate the 
groups of quantum levels in the nu¬ 
cleus which can be occupied by the 
nucleons. 

12.114. The next matter to consider 
is the coupling of the orbital angular 
momentum and the spin. In accounting 
for the arrangement of the extranu¬ 
clear (orbital) electrons, it is postu¬ 
lated that the orbital momentum 
quantum numbers of all the electrons 
couple together, as also do the spin 
quan turn numbers, independently. 
This type of coupling, however, can¬ 
not account for the magic numbers in 
nuclei. The important contribution 
made by the scientists mentioned in 
§ 12.112 was to show that the ob¬ 
served results could be explained by 
assuming strong coupling between 
the orbital momentum and the spin 
of each individual nucleon; this is 
referred to as spin-orbit coupling. 
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12.115. As a result of this coupling, 
the nucleon energy level for a given 
value l of the orbital quantum num¬ 
ber (except l = 0) is split into two 
sublevels, characterized by total an¬ 
gular quantum numbers j equal to 
1+ Yz and l — corresponding to 
spins of + Y 2 and — y 2j respectively. 
This situation is illustrated in Fig. 



SPIN Vz 


+ Y 2 ot l — Y 2 . The total number (2 j 
+ 1) of neutrons or protons for each 
j value is indicated, by a superscript. 
The horizontal lines show places 
where there is a marked change in 
the binding energy, so that completed 
nuclear shells are implied. The fourth 
column then gives the total numbers 
of neutrons or protons required to 



i * | + % J = J l-Vz 

Fig. 12.8. Coupling of orbital angular momentum and spin of electron. 


< 


12.8. Each of these sublevels can ac¬ 
commodate 2 j 4- 1 neutrons and 2j + 
1 protons. As the levels are gradually 
filled, the l + Y 2 levels are first oc¬ 
cupied and then the l — Y 2 levels. It 
appears that the energy difference be¬ 
tween the l + y 2 and l — % levels, 
for a given value of Z, is quite large 
and increases with Z. Consequently, 
when Z is 4 or more, the energy sepa¬ 
ration is so great that nucleons oc¬ 
cupying the Z — Y 2 level are actually 
in a different shell from those in the 
l + Y% level, as will be seen below. 

12.116. The results of applying the 
spin-orbit coupling procedure are 
shown in the accompanying table. 
The first column gives the radial 
quantum number } which may be re¬ 
garded as the equivalent in the square 
well potential of the principal quan¬ 
tum number in the electrostatic po¬ 
tential field (§ 4.51). The orbital 
quantum numbers l are in the next 
column, and this is followed by one 
giving the corresponding total angular 
momentum quantum numbers j = l 


complete the shells; these are seen to 
coincide with the magic numbers. 

Filling of Nucleon Shells 


Total 
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12.117. One of the significant 
achievements of the shell model of 
the nucleus is the ability to correlate 
the spins of nuclei containing odd 
numbers of either protons or neutrons. 
Provided the spin is equal to or less 
than % i n the ground state, it is 
equal to the j value of the odd nu¬ 
cleon or to that of the vacant sub- 
level (or hole) near the completion of 
a shell. As an example, consider the 
nuclide 4J )In 113 ; the nuclear spin is 
found to be %, which is the j value 
for the hole that would be occupied 
by the 50th proton. The isotope 
4 sln 115 has the same spin, as also 
does 38 Sr 87 , which has 49 neutrons. 
The nuclide 5 iSb 123 has one proton 
beyond the closed shell of 50, and its 
spin is y 2} as expected, and the same 
is true for 40 Zr 91 with 51 neutrons. 
However, in siSb 131 the odd proton 
prefers the next sublevel for which 
j is % } for this is the observed spin. 

12.118. There are a number of 
other instances, wherein the sublevels 
are not filled exactly in the order 
indicated in the table. But this is not 
unexpected, as there are various fac¬ 
tors which affect the energies, just as 
is the case with electrons. When j is 
greater than %, such a spin does not 
appear in the ground state of the nu¬ 
cleus. Thus, when spins of 11 / 2 or 
ls / 2 (and sometimes %) are ex¬ 
pected, the values are generally % 
or %, indicating an inversion of the 
normal order of filling the nucleon 
sublevels. However, there is invaria¬ 
bly an excited state in which the 
higher spins appear. An interesting 
case in point is that of the seven odd- 
mass-number isotopes of tellurium 
with 69, 71, 73, 75, 77, 79 and 81 
neutrons, respectively. For the last 
six of these, at least, a nuclear spin 
of 1 y 2 is to be expected, but the 
observed values are % and %. How- 
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ever, in all cases, there is an excited 
state with a nuclear spin of 11 / 2 . 

12.119. It is just this kind of situa¬ 
tion which accounts for the three 
islands of isomerism referred to in 
§ 10.129. These occur when the num¬ 
bers of neutrons or protons are some¬ 
what less than the closed shell values 
of 50, 82 and 126. In the first of these 
instances, the nuclear spin in the 
ground states should be %, and 
either % or % in the first excited 
states (or the reverse). In the other 
two cases, the ground state spins are 
y 2 or %, and in the excited state 11 / 2 
or 13 / 2 . There is in all these nuclides 
a difference of at least three units of 
spin between ground and excited 
states, so that nuclear isomerism is 
to be expected. 

12.120. The shell model also pro¬ 
vides a qualitative, but not quantita¬ 
tive, interpretation of the observed 
nuclear magnetic moments, by relat¬ 
ing this property to the j value of the 
odd proton. A point of special interest, 
in harmony with the model, is that 
certain groups of two or three isotopes 
of odd atomic number and odd mass 
number have identical spins and 
closely similar magnetic moments, 
e.g., Ag 107 and Ag 109 ; In 113 and In 115 ; 
Cs 133 , Cs 135 and Cs 137 ; and Tl 203 and 
Tl 205 . It is evident that the two addi¬ 
tional neutrons do not affect the be¬ 
havior of the odd proton, which is 
responsible for the spin and the mag¬ 
netic moment. This is regarded as a 
strong argument for the independent- 
particle model of nuclear structure. 

12.121. Although there are several 
other aspects of the nuclear-shell 
model which are of interest, mention 
will be made of only one more, 
namely, the relationship between 
magic numbers and quadrupole mo¬ 
ments. The observations show that 
most oases of quadrupole moments 
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which differ from zero occur with 
nuclides having an odd number of 
protons. There are a few with odd 
numbers of neutrons, but the mo¬ 
ments are usually small. The values 
are found to be very small or zero 
when the number of nucleons corres¬ 
ponds to a closed shell, but they are 
larger in between. 

12.122. According to the nuclear- 
shell model, the distortion of the 
spherical distribution of nucleons (§ 
12.78), which an appreciable quad¬ 
rupole moment implies, should be 
due to the odd (unpaired) proton. If 
the proton subshell is more than half 
filled, the quadrupole moment should 
be positive, but if it is less than half 
filled, a negative value is to be ex¬ 
pected. This is in general agreement 
with the experimental results, but in 
several instances quadrupole moments 
calculated on the basis of the model 
are very much smaller than the ob¬ 
served values. This failure to account 
in even an approximately quantita¬ 
tive manner for quadrupole moments 
represents the main weakness of the 
independent-particle model of the nu¬ 
cleus. 

The Collective Model 

12.123. The calculation of quad¬ 
rupole moments on the basis of the 
shell model involved the assumption 
that the so-called nuclear “core,” 
consisting of all the nucleons other 
than the odd one, was spherical. It 
was pointed out by the American 
physicist J. Rainwater, in 1950, that 
it is probable that the odd nucleon 
would distort the core, and this 
would make an additional contribu¬ 
tion to the quadrupole moment. Fur¬ 
ther, such distortion could be due to 
an odd neutron as well as to an odd 
proton, so that appreciable quadru¬ 
pole moments would be expected in 
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nuclides of both types, as is actually 
the case. 

12.124. The idea of the nonspheri- 

cal (or deformed) nuclear core which, 
incidentally, had been previously pro¬ 
posed in an entirely different connec¬ 
tion, has been developed since 1951 
by A. Bohr, son of the famous Nie^s 
Bohr, in collaboration with B. Mot- 
telson, in Denmark, and by others, 
into the collective (or unified) model 
of the nucleus. This model retains the 
essential features of the independent- 
particle (or nuclear-shell) picture 
while, at the same time, bringing out 
the analogy between the nucleus and 
a liquid drop. However, as will be 
seen shortly, the collective model js 
more than merely a satisfactory com¬ 
promise between two opposing nuclear 
models. f 

12.125. The fundamental postulate 
of the model is that, owing to the col¬ 
lective action of the nucleons, the 
surface of the nucleus behaves like 
that of a liquid drop. Thus, the de¬ 
formations move over the surface bf 
the nuclear core in the form of! waves 
which are equivalent to surface oscil¬ 
lations and rotations. These motions 
are regarded as occurring with nuclei 
of all kinds, with both odd and even 
mass numbers, that is to say, whether 
they have odd nucleons or not. 

12.126. By taking into considera¬ 
tion the mutual interactions of the 
distorted nuclear core and the odd 
nucleon, in nuclei of odd mass num¬ 
ber, it is possible to improve'the cal¬ 
culation of quadrupole moments. 
Near closed shells, where the de¬ 
formation is relatively small, the re¬ 
sults are not very different from those 
given by the individual-particle 
model. But, when the shells are par¬ 
tially filled and the latter model fails, 
the collective model can account for 
tho high observed quadrupole mo- 
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ments. Further, the collective model 
gives much better agreement than 
does the shell model with experi¬ 
mental values of the nuclear magnetic 
moments. 

12.127. The main achievement, 1 
however, of the collective model lies 
in another connection. It appears that, 
in many nuclei of moderate and high 
(odd or even) mass number, the ex¬ 
cited states of low energy, e.g., a few 
tenths of an Mev, are not due to 
excitation of an individual nucleon, as 
required by the simple shell theory, 
but rather of the nucleus as a whole. 
According to the collective model, 
certain motions of the nuclear sur¬ 
face are like the rotation, at a definite 
rate, of a tidal (surface) wave about 
the nucleus. Although the nucleus as 
a whole does not rotate, the effect is 
similar to a nuclear rotation. The 
problem can then be treated by quan¬ 
tum-theory methods long used in the 
study of the rotation of certain mole¬ 
cules. As a result, it is possible to cal¬ 
culate the energies corresponding to 


Atomic Energy Chap . XII 

various values of the rotational quan¬ 
tum number. The agreement with the 
observed excitation energies in the 
cases mentioned above is very strik¬ 
ing. 

12.128. The consequences of the 
collective model have not yet been 
fully explored, and various minor 
modifications are already indicated. 
Nevertheless, it is certain that the 
model has contributed greatly to the 
understanding of the behavior of 
atomic nuclei. Among other things, it 
accounts for the fact that such diverse 
points of view, as the liquid-drop and 
independent-particle models, can be 
applied to the study of the nucleus. 
The conclusions drawn earlier in this 
chapter from the liquid-drop model 
can thus be justified, although equa¬ 
tion (12.6) for the nuclear binding 
energy must inevitably fail, to some 
extent, at or near closed nucleon 
shells, since the derivation ignores the 
special stability associated with such 
shells. 
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Chapter XIII 


THE PHENOMENA OF FISSION 


The Discovery of Nuclear 
Fission 

13.1. In their public statements 
made prior to 1939, atomic scientists, 
both in America and in Europe, had 
not been too sanguine concerning the 
prospects for the practical utilization 
of atomic energy within the foresee¬ 
able future. Then came the discovery 
of nuclear fission (§ 10.60), a process 
attended with the liberation of large 
amounts of energy, and the picture 
changed almost overnight. It should 
be clearly understood, however, that 
fission alone, although of considerable 
scientific interest, would not have pro¬ 
vided an adequate solution to the 
problem of the release of nuclear en¬ 
ergy. The important point to remem¬ 
ber is that fission, which is initiated 
by neutrons, is also accompanied by 
the emission of neutrons. Conse¬ 
quently, it is possible for the process, 
like a fire, to be self-sustaining, and 
for energy to be generated continu¬ 
ously, while the fuel is accessible. 

13.2. In the course of their system¬ 
atic investigation of the nuclear reac¬ 
tions produced by neutrons, E. Fermi 
and his associates (§ 11.46) reported 
in 1934 that when uranium was bom¬ 
barded with slow neutrons, at least 
four different beta activities, distin¬ 
guished by their half lives, could be 


detected. One of these was presumably 
due to the 92 U 239 isotope of uranium, 
which does not occur naturally, pro¬ 
duced by the (n, y) reaction with the 
common isotope 92U 238 . As a result pf 
its beta decay, 92 U 239 should yield a 
new element of atomic number ,93 and 
mass number 239; this could a^so well 
be a beta emitter, decaying to give an 
element of atomic number 94. It thus 
appeared that the several activities 
resulted from a series of unstable ele¬ 
ments, with atomic numbers 93, 94 and 
possibly higher, which were referred 
to by the general name of i trans¬ 
uranium elements. 

13.3. The prospect of identifying 
these new elements, lying beyond ura¬ 
nium in the periodic system, naturally 
attracted the interest of many scien¬ 
tists, among them being such highly 
experienced radiochemists as 0. Hahn 
and (Frl.) L. Meitner in Berlin, and 
(Mme.) I. Joliot-Curie in Paris, to¬ 
gether with various collaborators. The 
general procedure employed in their 
investigations was based on the carrier 
technique (§ 5.29), the object of which 
was to separate the invisible amounts 
of each new element together with a 
stable element whose chemical prop¬ 
erties were well known. There is little 
purpose in describing in detail the con¬ 
fusing and perplexing results obtained, 
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as their first interpretation has proved 
erroneous. Nevertheless, certain as¬ 
pects are of special interest, for they 
led ultimately to the correct explana¬ 
tion of the bewildering observations. 

13.4. In 1938, 0. Hahn and F. 
Strassmann described experiments 
made with barium as a carrier, and 
found that three different activities— 
later a fourth was added—resulting 
from the bombardment of uranium by 
neutrons, were precipitated with the 
barium. In view of the similarity of 
this element to radium (§ 5.7), it was 
concluded that the activities were due 
to new isotopes of radium, although 
the formation of radium, atomic num¬ 
ber 88, from uranium would require 
the simultaneous emission of two al¬ 
pha particles, for which there was no 
evidence. Apparent confirmation of 
this view came from the fact that after 
the so-called radium isotopes were 
permitted to decay, by the emission of 
beta particles, the products were car¬ 
ried down by lanthanum, acting as a 
carrier, as would be expected for iso¬ 
topes of actinium, atomic number 89. 

13.5. About the same time, Mme. 
Joliot-Curie and P. Savitch were mak¬ 
ing a detailed examination of a par¬ 
ticular product, with a 3.5-hr. half life, 
which they referred to as R 3.5 hr., 
obtained by the action of neutrons on 
uranium. Hahn considered this to be 
an isotope of actinium, because it 
could be separated with lanthanum, 
but Curie and Savitch found that in 
the fractional precipitation of the 
oxalates from a nitric acid solution 
containing the R 3.5 hr., the latter 
concentrated with the lanthanum 
rather than with the actinium. Obvi¬ 
ously, the substance could not be an 
isotope of actinium, and Curie and 
Savitch concluded that “on the whole 
the properties of R 3.5 hr. are those of 
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lanthanum.” However, owing to the 
presence of an impurity, they were 
misled into thinking that the activity 
could be separated from lanthanum, 
whereas later events were to prove 
that no such separation is possible. 

13.6. Nevertheless, the proof that 
the 3.5-hr. activity was not due to an 
isotope of actinium completely upset 
the Hahn and Strassmann scheme. 
The Canadian radiochemist L. G. 
Cook, who was in Berlin in Septem¬ 
ber 1938, when the report of the work 
of Curie and Savitch was published, 
describes the events of the time in the 
following words: “You can readily 
imagine Hahn’s astonishment. I well 
recall the day he received the paper. 
His reaction was that it just could not 
be, and that Curie and Savitch were 
very muddled up. However, he drew 
the obvious conclusion that if the so- 
called actinium turned out to be lan¬ 
thanum, then its mother, [the] so- 
called radium, must be really barium.” 

13.7. Consequently, Hahn, in con¬ 
junction with Strassmann, set out to 
see if the activity which had been 
ascribed to a radium isotope was actu¬ 
ally due to such an isotope or whether 
it could be attributed to a form of 
barium. To their surprise they found 
that the active species was insepara¬ 
ble from barium, although it could be 
separated from radiothorium, a known 
isotope of radium. Reporting on their 
work, early in January 1939, Hahn 
and Strassmann wrote: “We have 
come to this conclusion: our ‘radium 
isotopes’ have the properties of barium 
. . . [and] we must really state that 
in the new substances we are not 
dealing with radium but with barium.” 
But, because of the unexpected nature 
of this result they were reluctant to 
commit themselves definitely. “As 
chemists,” they said, “we should re¬ 
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place the symbols Ra, Ac and Th . . . 
in [our] scheme ... by Ba, La and 
Ce . . . [although] as nuclear chem¬ 
ists, closely associated with physics, 
we cannot decide to take this step in 
contradiction to all previous experi¬ 
ence in nuclear physics.” 

13.8. It appears, however, that 
Hahn and Strassmann were preparing 
their minds for the final plunge. They 
had previously found that one of the 
supposed transuranium elements was 
similar to rhenium, and they assumed 
it to be a higher homologue. But when 
their supposed radium proved, appar¬ 
ently, to be barium, it seemed possible 
that the product related to rhenium 
might be a lower homologue, the ele¬ 
ment of atomic number 43, which was 
at one time called masurium, symbol 
Ma. Hahn and Strassmann pointed 
out that “the sum of the mass num¬ 
bers Ba + Ma, thus, for example, 
138 + 101, gives 239,” which is the 
sum of the masses of a uranium-238 
atom and a neutron. It would appear, 
therefore, that they were on the point 
of suggesting that the neutron caused 
the uranium nucleus to break up into 
two portions of somewhat similar 
mass, a type of nuclear reaction not 
previously encountered. 

13.9. As a matter of fact, this possi¬ 
bility had been considered some five 
years earlier, but Hahn was either not 
aware of it, or else he, like others, did 
not take it seriously. Soon after the 
publication in 1934 of the claim by 
Fermi and his associates to have iden¬ 
tified the transuranium elements, 
(Frau) Ida (Tacke) Noddack, a Ger¬ 
man woman chemist, who, some ten 
years earlier, had collaborated with 
her husband in the discovery of the 
element rhenium, wrote a paper en¬ 
titled On the Element 93 in which she 
criticized the conclusions of the Italian 


scientists. It is not intended to refer 
to these criticisms here, but it is of in¬ 
terest to quote from Ida Noddack’s 
general discussion of the unusual re¬ 
action of neutrons with uranium. “One 
may equally well accept,” she said, 
“that in this new type of nuclear dis¬ 
integration brought about by neutrons, 
important nuclear reactions take place 
other than those hitherto observed by 
the action of protons and alpha rays 
on atomic nuclei. It is conceivable that 
in the bombardment of heavy nuclei 
with neutrons, these nuclei break up 
into several large fragments which are 
actually isotopes of known element^, 
but are not neighbors of the irradiated 
elements.” : j 

13.10. It was left to (Frl.) L. Meit¬ 
ner, who had formerly worked with 
Hahn in Berlin, in association with 
O. R. Frisch, to suggest what has 
proved to be the correct interpretation 
of the results described above, and 
thus to provide the explanation,of the 
complex phenomena associated with 
the interaction between neutrons and 
uranium. In a letter dated January 
16, 1939, and published in the Eng¬ 
lish scientific magazine Nature, Meit¬ 
ner and Frisch wrote: “At first sight, 
this result [obtained by Hahn and 
Strassmann] seems very hard to un¬ 
derstand. The formation of elements 
much below uranium has been consid¬ 
ered before but always rejected 'by 
physical reasons, so long as the chem¬ 
ical evidence was not entirely clear 
cut. The emission, within a short time, 
of a large number of charged particles 
may be regarded as excluded by the 
small penetrability of the Coulomb 
barrier. ... On the basis, however, 
of present ideas about the behaviour 
of heavy nuclei, an entirely different 
and essentially classical picture of 
these new disintegration processes sug- 
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gests itself. ... It seems possible that 
the uranium nucleus has only small 
stability of form, and may after neu¬ 
tron capture, divide itself into two 
nuclei of roughly equal size.” 

13.11. This process of division of a 
heavy nucleus into two approximately 
equal parts was called fission. Conse¬ 
quently, if a uranium nucleus suffered 
fission as a result of interaction with a 
neutron, the presence of lighter ele¬ 
ments, such as barium and lanthanum, 
among the products could he ex¬ 
plained. Further, Meitner and Frisch 
indicated that, because of their excep¬ 
tionally high neutron-to-proton ratio, 
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ity. Such energetic particles should be 
capable of producing considerable ion¬ 
ization in their paths. Within a few 
days of the conception of the nuclear 
fission theory, Frisch was successful 
in proving, with the nul of an ioniza¬ 
tion chamber and amplifier (§6.13), 
that the bombardment of uranium by 
neutrons released particles with excep¬ 
tional ionizing power, as required by 
the theory. 

Confirmation of Nuclear 
Fission 

13.13. In the meantime, the Danish 
physicist N. Bohr, whom Frisch, then 



Fig 13.1. Oscillographic record, obtained at Columbia 
University, of ionization bursts due to fission. 


the fission fragments should be un¬ 
stable, undergoing a chain of beta dis¬ 
integrations. It was the half-life peri¬ 
ods of the members of these decay 
chains that had been erroneously at¬ 
tributed to transuranium elements, 
13.12. The evidence which led to the 
concept of nuclear fission was essen¬ 
tially chemical, being based on the 
supposed identity of one of the prod¬ 
ucts with barium. In view of the novel 
character of the process it was, of 
course, desirable to obtain confirma¬ 
tory evidence in other ways, if pos¬ 
sible. It will be seen shortly (§ 13-20) 
that fission is accompanied by the lib¬ 
eration of large amounts of energy, as 
Meitner and Frisch predicted, and 
lienee the fission fragments would be 
expected to fly apart with high veloc- 


in Copenhagen, had told of the con¬ 
jectures concerning the fission of ura¬ 
nium, was on a visit to the United 
States; through him information of the 
idea spread, partly by word of mouth 
and partly as a result of a report he 
made at a conference on theoretical 
physics held in Washington, D. C., on 
January 26, 1939. Immediately, phys 
icists in various laboratories devised 
experiments to detect the intense ioni- 
zation expected from the products of 
fission, and by the middle of Febru¬ 
ary, when the results secured by 
Frisch, referred to above, were pub¬ 
lished, confirmation had been reported 
from Columbia University, Johns 
Hopkins University, The Carnegie In¬ 
stitution of Washington, and the 
University of California. A striking 
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oscillographic record, obtained at Co¬ 
lumbia University, of the ionization 
bursts produced by the particles ac¬ 
companying fission is seen in Fig. 13.1; 
the dark background at the bottom of 
the photograph is due to alpha par¬ 
ticles from uranium, which obviously 
have much less energy than do the 
fission fragments. 

13.14. In addition to the evidence 
for fission derived from ionization and 
cloud-chamber effects, F. Joliot, in 
Paris, found that the fission fragments 
were ejected with such high velocity 
from a thin layer of uranium that 
they could be deposited on a surface 
placed a short distance away. Similar 
results were obtained in Denmark by 
Meitner and Frisch, using a water 
surface to collect the recoil products, 
and by E. M. McMillan, in the United 
States, who showed that the fission 
particles had a range of up to about 
2.2 cm. in air. The nuclei which were 
ejected from the uranium were found 
to possess the radioactive properties 
which had at one time been ascribed 
to the transuranium elements. 

13.15. Finally, in reviewing the dis¬ 
covery of nuclear fission, brief men¬ 
tion may be made of the identification 
of the products, perhaps the most con¬ 
vincing argument of all for the split¬ 
ting of the uranium nucleus by neu¬ 
trons. Apart from lanthanum and 
barium, mentioned earlier, which pro¬ 
vided the original clues, I. Joliot-Curie 
and P. Savitch in France, N. Feather 
and E. Bretscher in England, P. Abel- 
son in the United States, 0. Hahn and 1 
his collaborators in Germany, and 
F. A. Heyn, A. H. W. Aten and C. J. 
Bakker in Holland adduced arguments 
for the formation, either as fission 


fragments or as products of their 
radioactive decay,* of several elements 
of medium atomic number, including 
bromine, krypton, strontium, molyb¬ 
denum, rubidium, antimony, tellu¬ 
rium, iodine, xenon and cesium. Most 
of the work described had been com¬ 
pleted within three months of the 
original announcement of the Theory 
of nuclear fission, so that in this short 
period of time the revolutionary new 
concept had become widely accepted. 

Types of Fission Reactions 

13.16. The foregoing description has 
referred, in particular,.to the fission of 
uranium by slow neutrons. This was 
actually the first and, as later, events 
were to prove, the most important type 
of nuclear fission. But it was soon 
realized that the nuclei of otfyer ele¬ 
ments of high atomic number could 
be made to undergo fission, and that 
other particles, besides neutrons, could 
be effective in this respect. Uranium 
can be split by either thermal neutrons 
of about 0.03 ev, or by fast neutroris 
with energy exceeding 1 Mevjjit will 
be seen later (§ 13.63) that the U 238 
isotope suffers fission only in the latter 
case, but neutrons of all energies are 
effective for uranium-235. Two other 
nuclides, which do not occur in nature, 
but which have proved to be fission¬ 
able by neutrons of all energies, are 
uranium-233 (atomic number 92) and 
plutonium-239 (atomic number 94). 
As with other neutron reactions, fis¬ 
sion cross sections are generally high 
for slow neutrons, but, apart from an 
intermediate resonance region, they de¬ 
crease as the speed (or energy) of the 
incident neutron increases (§11.96). 

13.17. The fission of thorium re- 


* It is freouenlly desirable to make a distinction between ihe direct or primary fission 
particles, rmd Ihe numerous protluHs of (heir radioactive decay. The former will be referred 
to ns fissiuu fmomentn or an direct, or primary fission products. The Kent*ml term fission 
woducts, wit hour (|uuhtindion, will apply to all Ihe product* of fission, including the pri¬ 
mary or <Iio h. 11jjgiiirtii h ns well as the nuclides formed by their deeuy. 
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quires fast (about 1 Mev) neutrons, as 
also does protactinium. That 9-Mev 
deuterons could produce fission in both 
uranium and thorium was reported by 

D. H. T. Grant in England in 1939, 
and by I. C. Jacobsen and N. 0. Las¬ 
sen in the United States in the follow¬ 
ing year; and in 1941, American 
workers showed that 32-Mev alpha 
particles (E. Fermi and E. Segre), 
7-Mev protons (G. Dessauer and 

E. M. Hafner), and 6.3-Mev gamma 
rays (R. O. Haxby, W. E. Shoupp, 
W. E. Stephens and W. H. Wells) were 
also effective. The procedure in the 
latter case is often called photofission 
since it is caused by radiation. 

13.18. Until 1947, fission had not 
been observed in any element of 
atomic number less than 90, but in that 
year successful fission of bismuth, 
lead, thallium, mercury, gold, plati¬ 
num and tantalum was achieved in the 
Radiation Laboratory, Berkeley, by 
means of alpha particles, deuterons or 
neutrons of very high energy, 100- 
Mev or more, as stated in § 10.61. 
With bismuth, atomic number 83, fis¬ 
sion was detected with 50-Mev deu¬ 
terons, but tantalum, atomic number 
73, required alpha particles of 400 
Mev energy. Fission of uranium (and 
other elements) has also been brought 
about by the capture of negative 
pi-mesons or of high-energy carbon 
ions. 

13.19. It is of theoretical interest 
(§ 13.62) that the uranium nucleus 
suffers spontaneous fission, as found 
in 1940 by the Russian physicists 
G. N. Flerov and K A. Fctrjak. The 
half life of uranium-238 for sponta¬ 
neous fission is nearly 10 16 years, so 
that in one gram of ordinary uranium 
about 25 nuclei, on the average, un¬ 
dergo spontaneous fission every hour. 
The rate of radioactive decay of ura¬ 
nium-238 by alpha-particle emission 
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is about two million times as great. 
Other heavy nuclei exhibit the phe¬ 
nomenon of spontaneous fission, the 
half life showing a general decrease 
with increasing atomic number. It is 
noteworthy that, although uranium- 
235 is more readily fissionable than 
uranium-238 by neutrons, its rate of 
spontaneous fission is less. 

Energy Liberation in Fission 

13.20. Aside from the fact that fis¬ 
sion represents a new and unexpected 
type of nuclear transformation, the 
process is remarkable because it is 
accompanied by the liberation of such 
large amounts of energy. Before 1939, 
the largest knoxvn nuclear reaction en¬ 
ergy was 22.2 Mev, associated with 
the Li*(<WHe 4 process, but the early 
estimates made by Meitner and 
Frisch, and by others, as well as ex¬ 
perimental determinations, showed 
that in the fission of uranium nearly 
ten times this amount of energy, 
namely, about 200 Mev, is released. As 
in other nuclear reactions, the energy 
produced in fission is equivalent to the 
difference in mass between the inter¬ 
acting particles and the final products. 
It happens in this instance that, for 
reasons which will be explained below, 
the “loss” of mass accompanying the 
reaction is exceptionally large, and 
hence there is a correspondingly largo 
liberation of energy. 

13.21. The most direct method for 
calculating the total fission energy jh 
to determine the amount whereby the 
masses of the original uranium nucleus 
and the neutron with which it inter¬ 
acts exceed those of the final stablo 
products of the reaction. The isotopic 
weight of uranium-235 is 235.118 and 
the mass of a neutron is 1.009, making 
a total of 236.127 atomic mass iinits, 
for the mass of the reacting particles. 
It will be seen in § 13.33 that, when it 
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undergoes fission, a uranium nucleus 
splits in many different ways, but the 
products which are obtained in great¬ 
est yield have mass numbers of 95 and 
139. These numbers add up to 234, 
instead of 236, because some neutrons, 


pound nucleus U 236 from its constitu¬ 
ent nucleons, that is, its total binding 
energy, would be approximately 236 X 
7.6 Mev, whereas for the fission prod¬ 
ucts the corresponding energy release 
would be 236 X 8.5 Mev; thus 


92 p + 144 n —» U 236 (compound nucleus) + 236 X 7.6 Mev 
92 p + 144 n —> Fission product nuclei + 236 X 8.5 Mev. 


assumed to be two in this case, are 
always liberated in the fission process 
(§ 13.37). The isotopic weights of the 
•table nuclides Mo 95 and La 139 are 
94,936 and 138.950, respectively; these, 
together with 2 x 1.009 for the masses 
of the two neutrons, add up to a total 
mass of 235.904. The excess mass 
Which is converted into energy in 
fission is therefore represented by 

Mass converted into energy 
= 236.127 - 235.904 
= 0.223 atomic mass unit. 

If this is multiplied by 931 the result 
will give the energy equivalent of this 
ma&§, that is, the energy released in 
.ion, expressed in Mev units. The 
fission energy is thus found to be 
0*223 X 931 = 208 Mev. 

13,22. A procedure equivalent to the 
above is to utilize the known or cal¬ 
culated binding energies. The binding 
(Wlorgy per nucleon in uranium-238 is 
Vi0 Mev, and the value is approxi¬ 
mately the same for the U 235 isotope, 
flpho stable fission products, on the 
fithcr hand, lie toward the center of 
' I 1 mass-number scale, where the 
bfrulbig energy is about 8.5 Mev per 
litis Icon, as may be seen from Fig. 12.2. 
In other words, the energy released in 
Hit* hypothetical formation of the com- i 


Upon subtracting the first of these ex¬ 
pressions from the second and rear T 
ranging, it is seen that the formation 
of the fission products from uranium 
will be accompanied by the liberation 
of roughly 236 X (8.5 — 7.6), i.e., 236 
X 0.9 Mev, which is, again, in th£ 
vicinity of 200 Mev.* 

13.23. It will be apparent that the 
liberation of energy in fission is ac¬ 
counted for by the fact that the. bind¬ 
ing energy per nucleon in the Wavy 
element uranium is lower than it is in 
nuclei of moderate mass number. As 
stated in § 12.90, this decrease is 
mainly due to the rapid growth of the 
force of electrostatic repulsion in the 
nucleus with increasing atomic:num¬ 
ber. The smaller the binding energy 
per nucleon, the smaller the mass 
defect and hence the larger the mass 
per nucleon; the greater mass of the' 
uranium nucleus as compared with 
that of nuclei into which it may be 
split is thus also to be attributed to 
the effect of electrostatic repulsion of 
the protons. The actual process of fis¬ 
sion is probably accounted for by the 
large value of this repulsive force in 
heavy nuclei (§13.54), and so it is 
responsible both for fission and for 
the release of energy accompanying 
this nuclear reaction. 


• Tlwro may be some difficulty, at first sight, in understanding why the formation from 
1 Omnium nucleus of fission product nuclei, in which the binding energy per nucleon is 
' ll" mould lead to a liberation of energy. The reason in llmt the binding energy is not 
I'ltciui possessed by the nucleus, but the energy which would bo liberated in its formation 
ih»m until runs and protons. It is consequently numerically equal to the energy which would 
llrtve to bo supplied in order to break up I he nucleus into its constituent nucleons (St 
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13.24. Incidentally, the energy of 
electrostatic repulsion when flic fission 
fragments are in actual contact, that 
is, at the instant the nucleus is split, 
gives a good approximation to the en¬ 
ergy released in fission. If the atomic 
numbers of the product nuclei are Z i 
and Z 2y the electrostatic energy is 
given by 


ZiZ 2 e 2 
(Ri + Rz) 


(13.1) 


where R\ and R 2 are the respective nu¬ 
clear radii, and e is the unit (elec¬ 
tronic) charge. If the products are as¬ 
sumed, as above, to have the mass 
numbers 95 and 139 and if, further, it 
is supposed that the 92 protons avail¬ 
able from the uranium nucleus are 
divided between the fragments in the 
same proportion as the neutrons, the 
values of Z\ and Z 2 will be about 38 
and 54 , respectively. For the present 
purpose, the nuclear radii may be 
taken as the interaction values, i.e., 
1.5 X 10 _ 13 A 1/3 cm., where A is the 
mass number (§ 12.60), and hence tak¬ 
ing the electronic charge as 4.8 X 
10 -10 e.s.u. (§2.41), the electrostatic 
energy in ergs, according to equation 
(13.1), is 


38 X 54 (4.8 X IQ" 10 ) 2 
1.5 X 10- 13 (95 l/3 + 139 1/3 j 


= 3.2 X 10 -4 erg. 

Upon dividing by 1,6 X 10 —8 , to con¬ 
vert ergs into Mpv (§3.33), the re¬ 
sult, which is a rough measure of the 
fission energy. is seen to be 200 Mev, 
13,25. The foregoing calculations are 
all somewhat approximate, chiefly be¬ 
cause of the uncertainty concerning 
the nuclei formed in fission. Actually, 
there are at least forty, and possibly 
more, different modes of fission, and 
the mass difference, and energy re¬ 
lease, is not exactly the same in every 


case. However, it can be shown that 
the variation is not large, and so it is 
usually accepted that the fission en¬ 
ergy of uranium-235 is close to 200 
Mev. 

13.26. The first attempts to measure 
the energy of uranium fission directly 
were made in 1939 by W. Jentschke 
and F. Prankl in Germany, and by 
E. T. Booth, J. R. Dunning and F. G. 
Slack in the United States; the energy 
of the fission particles was estimated 
from the extent of the ionization they 
produced. The results showed that the 
energy distribution is not uniform, but 
consists of two distinct groups, with 
approximately equal numbers of par¬ 
ticles in each; that this is the case may 
be seen from the oscillogram in Fig. 
13.1. The values of the mean energies 
in each group were found to be about 
70 and 100 Mev, making a total of 
170 Mev, although more recent work 
suggests a result of about 168 Mev. It 
is now known that there is a more or 
less continuous distribution of energy 
among the fission products, from 40 to 
150 Mev, with definite maxima, repre¬ 
senting preferred energies, near 62 and 
93 Mev, respectively. 

13.27. A direct calorimetric meas¬ 
urement of the energy liberated in the 
form of heat when uranium was sub¬ 
jected to the action of neutrons, made 
in 1939 by M. C. Henderson in the 
United States, gave a value of 175 
Mev, The result, although admittedly 
approximate, is larger than that ob¬ 
tained by the ionization method, while 
both are considerably less than the 
calculated fission energy of 200 Mev. 
Actually, these differences are just 
what might have been expected. The 
energy of the fission fragments as de¬ 
termined from the ionization they pro¬ 
duce is merely their kinetic energy, 
whereas the heat liberated also in¬ 
cludes part, at least, of the kinetic 
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energy of the neutrons produced in 
fission (§ 13.37), as well as of the beta 
particles emitted during the course of 
the measurement by the radioactive 
fission products. According to the 
latest estimates the total amount of 
energy released by the fission products 
when they have decayed completely 
is about 23 Mev, including the en¬ 
ergies carried off by beta particles, 
gamma rays and neutrinos. Since 
some of these products have fairly long 
lives, only a portion of the energy 
liberated in this manner is included in 
the calorimetric determination. This 
accounts for the observed difference 
between the two types of energy 
measurement. 

13.28. As just indicated, the energy 
released in the fission process appears 
in several different forms. The major 
part occurs as kinetic energy of the 
fission fragments, and a substantial 
portion as radioactive energy of the 
fission products. In addition, neutrons 
and gamma rays liberated at the in¬ 
stant of fission carry appreciable 
amounts of energy. An indication of 
the manner in which the fission energy 
is distributed is given in the table. 

Approximate Distribution of 
Fission Energy 

Mev 


Kinetic energy of fission fragments. 168 

Energy of fission neutrons. 5 

Instantaneous gamma-ray energy. 5 

Beta particles from fission products.... 7 

Gamma rays from fission products. 6 

Neutrinos from fission products. 10 

Total fission energy. 201 


The total fission energy, as determined 
experimentally, is thus close to 200 
Mev, in agreement with the calculated 
value. The neutrons, beta particles 
and gamma rays are absorbed, either 
immediately or over a period of time, 
and the energy they carry ultimately 


appears as heat. Because the neutrinos 
are not easily absorbed (§ 7 . 59 ), their 
energy is presumably dissipated very 
slowly over a large area. Their energy 
has been estimated from the beta- 
decay energy. 

Mass Distribution of 

Fission Products 

13.29. It was mentioned above that 
the kinetic energies of the fission par¬ 
ticles fall into two groups; this waS 
interpreted as indicating that uranium 
fission takes place in an unsymmet- 
rical manner, the two nuclear frag¬ 
ments having different masses. If 
these masses are represented by ra'i 
and m 2 , and the respective velocities, 
with which they are ejected in oppo¬ 
site directions, are tq and v 2y then the 
principle of conservation of mfomen- 
tum requires to be equal to m 2 v 2 . 
The kinetic energies E 1 and E 2 are 
x h m i v \ and y^m 2 v\^ respectively, so 
that 

Ei _ m\v\ _ nte' ^3 2 ) 

E 2 m 2 v% mi 

The ratio of the energies should thus 
be inversely proportional to the ratio 
of the masses or mass numbers. The 
ratio of the energies was found to be 
about 1.45, and this was in general 
agreement with the fact, already ap¬ 
parent in 1939, that the known fission 
fragments fall into two groups, one 
around krypton, mass number about 
90, and the other around xenon, mass 
number 140. 

13.30. Because it was necessary to 
have precise information concerning 
the products of nuclear fission, in con¬ 
nection with the development of 
atomic energy (Chapter XIV), a great 
deal of work has been done with the 
purpose of identifying these products. 
Some of the details of these difficult 
investigations will be considered later. 















































394 


Sourcebook on Atomic Energy 


but for the present it will be sufficient 
to outline the general nature of the re¬ 
sults; these are represented by the 
data for the fission of uranium-235 by 
thermal neutrons plotted in Fig. 13. . 
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venience. Incidentally, the reason why 
mass numbers, rather than atomic 
numbers, are plotted is that the fission 
fragments are probably all radio¬ 
active, decaying by the loss of a nega- 



Fig. 13.2. Fission-yield curve for uranmm-235 and 
slow neutrons. (From J. Amer. Chem. Soc., 68, -«7 
(1946)), 


The mass number of the product is 
plotted against its fission yield, this 
being the proportion of nuclear fis¬ 
sions yielding that particular product, 
usually expressed as a percentage, of 
the total * Since the observed fission 
yields cover such a large range, from 
about lO" 5 to 6 per cent, they are 
plotted on a logarithmic scale for con- 


tive beta-particle. The atomic numbers 
consequently change with time but the 
mass numbers are unaffected in the 

beta decay. > 

13.31. An examination of the fis¬ 
sion yield curve shows immediately 
that, in accordance with the conclu¬ 
sions drawn from the particle energies, 
the products fall into two broad mass- 


* It should be noted that since two a g^ l 0 1 3 8 p e Vpent three 

nvfclei^ro 8 produced ^ternary ^ is of theoretical Merest. 
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number groups. The range of mass 
numbers detected experimentally is 
from 72, probably an isotope of zinc 
(atomic number 30), to 160, believed 
to be an isotope of gadolinium 
(atomic number 64). Of the thirty-five 
different elements covered by this 
range of atomic numbers, there is 
evidence that all but nine are produced 
directly in fission; even these gaps 
may be filled, in due course, as the 
experimental methods are improved. 
The difficulty of the work may be 
realized when it is stated that in the 
fission of uranium-235 something like 
200 different nuclides, including fission 
fragments and products of their radio¬ 
active decay, have been detected 
(§13.75). 

13.32. About 97 per cent of the 
uranium-235 nuclei undergoing fission 
yield products which fall into two 
groups, a “light” group, w T ith mass 
numbers from 85 to 104, and a 
“heavy” group, with mass numbers 
from 130 to 149. The most probable 
type of fission, representing nearly 
6.4 per cent of the total, gives products 
with mass numbers 95 and 139. It is 
apparent from these results that the 
thermal-neutron fission of uranium- 
235 is far from symmetrical. If the 
compound nucleus split into two equal 
fragments, the mass of each would be 
117 or 118; only 0.01 per cent of the 
nuclei suffering fission break up in 
this manner. 

13.33. Since there are 89 possible 
mass numbers in the range from 72 
through 160, it is conceivable that this 
may represent the total number of 
different nuclides formed as direct fis¬ 
sion fragments. In this case, the ura¬ 
nium nucleus should be capable of 
splitting in over forty different ways. 
The loss of mass, and hence the energy 


liberated, will not be exactly identical 
for every mode of fission, although the 
variations are not - large, as stated 
above. It is, in fact, because the mass 
or energy differences are nearly the 
same in all cases that the several fis¬ 
sion modes take place simultaneously. 

13.34. It is useful to note that tfye 
fission yield curve in Fig. 13.2 is sym¬ 
metrical about the line passing through 
the ordinate for mass number 117, the 
two parts being mirror images. This 
means that the products represented 
by points on the left-hand (outer) 
limb of the “light” group will corre¬ 
spond to those of the same yield on 
the right-hand (outer) limb of the 
“heavy” group; similarly, products qn 
the right-hand (inner) limb of the 
“light” group will be paired with those 
on the left-hand (inner) limfy of the 
“heavy” group. For example, the fis¬ 
sion fragment of mass number 81 is 
formed at the same time as 153, the 
yield being about 0.15 per cent; sim¬ 
ilarly, nuclides of mass number 103 
and 131 are produced simultaneously 
in about 3.5 per cent of the fissions.* 

13.35. The yields of products of 
various mass numbers have also been 
determined for the thermal-neutron 
fission of uranium-233 and plutonium- 
239. The general shape of the fission- 
yield curve is very similar to that 
obtained for uranium-235, shown in 
Fig. 13.2. However, since the masses 
of the nuclei undergoing fission are 
somewhat different, there is a slight 
shift in the position of the curve with 
reference to the mass-number axis. In 
all three instances, symmetrical fis¬ 
sion takes place to the extent of 0.01 
to 0.02 per cent only, all other fissions 
being unsymmetrical. 

13.36. The results recorded above 
apply in particular to fission by ther- 


* These results are strictly correct only for fissions in which two neutrons are liberated, 
mo that the sum of the mass numbers of the flnmon fniumontH in 234, 























































































































































































































































































































































































































396 


Sourcebook on Atomic Energy 


mal neutrons; there is evidence that 
with neutrons of a few Mev energy 
the fission yields are not the same. It 
is found that symmetrical fission is 
more probable than when slow neu¬ 
trons are employed. With particles of 
much higher energy, such as the 100- 
Mev neutrons, 200-Mev deuterons, 
380-Mev alpha particles and 100-Mev 
carbon ions, the fission product dis¬ 
tributions are quite different from 
those accompanying thermal-neutron 
fission. The general nature of the 
products indicates that the process oc¬ 
curring is a combination of fission and 
spallation (§10.64). It appears that 
the excitation energy of the compound 
nucleus formed when the high-energy 
projectile enters the nucleus is so large 
that ten or more neutrons are expelled 
immediately; the residual nucleus then 
splits in an approximately symmet¬ 
rical manner. One of the consequences 
of the ejection of the neutrons is that 
some of the products are apparently 
stable nuclei, although there is no 
evidence that such nuclides are formed 
in fission by slow neutrons. 

Emission of Neutrons 
in Fission 

13.37. It was stated at the beginning 
of this chapter that one of the notable 
features of nuclear fission is the libera¬ 
tion of neutrons by which it is ac¬ 
companied. That such simultaneous 
neutron emission was to be expected 
was suggested, and also verified, by 
H. von Halban, F. Joliot and L. Ko- 
warski in France,* soon after the an¬ 
nouncement of the theory of nuclear 
fission. Within a few days, independ- 
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ent confirmatory evidence was re¬ 
ported by H. L. Anderson, E. Fermi 
and H. B. Hanstein, and by L. Szilard 
and W. H. Zinn in the United States. 
In view of the large amount of energy 
carried by the fission products, there 
should be ample available to cause the 
expulsion of one or more nucleons; 
that these will probably be neutrons 
may be readily seen from the follow¬ 
ing considerations. 

13.38. Suppose, in order to simplify 
the argument, that a uranium-235 nu¬ 
cleus upon fission by a neutron were 
to split into two nuclei of mass num¬ 
bers 95 and 139; suppose further that, 
as in § 13.24, the atomic numbers are 
in the same proportion, so that these 
will be 38 and 54, respectively. The in¬ 
stantaneous products of fission may 
consequently be taken to be anSr 0,1 and 
M Xe 1S0 , whereas the highest mass 
numbers of stable forms of these ele¬ 
ments are 88 and 136, respectively. 
It is evident that the highly energetic, 
primary nuclei formed in fission con¬ 
tain several more neutrons than is per¬ 
missible for stability, and hence the 
expulsion of neutrons is not surprising. 

13.39. The same conclusion may be 
reached in a more general manner by 
recalling, from § 12.38, that the ratio 
of neutrons to protons in stable, natu¬ 
rally occurring nuclei increases with 
increasing mass number. At the upper 
end of the periodic system, the ratio is 
greater than 1.5, but in the middle, 
where the fission products lie, the 
neutron-to-proton ratio for stability 
ranges from 1.28 to 1.4. It follows, 
therefore, that if a nucleus of high 
mass number is split into two smaller 


*H D Smyth in his report on Atomic Energy for Military Purposes, states: ‘‘At the 
meetine Iheld in Washington, D. C„ January 26-28. 1939] Bohr and Fermi dWed the 
problem of fission and in" particular Fermi mentioned the possibility that, neutrons might 
be emitted during the proms*.” This conversation must have taken place some time t 
Ihe null lie'll inn of the paper hv von Hulban. cl al Furlhcr, according In OR. 1 I'scli, PoIM 
(Fri.) L. Meitner and C, Muller (in Copenhagen) had pointed out, to him the possibility of 
n rut ron emifwion accompanying fisaino 
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nuclei, the ratio of neutrons to protons 
for at least one of the latter must be 
considerably greater than is compat¬ 
ible with stability. 

13.40. In order to test the possibility 
of neutron release in fission, von 
Halban and his associates placed a 
neutron source at the center of a large 
vessel, with detectors at various dis¬ 
tances from it to determine the neutron 
density in the vessel. This was filled 
first with uranyl nitrate solution, and 
then with ammonium nitrate solution 
for comparison. In spite of the ab¬ 
sorption of neutrons by the uranium, 
the mean density of neutrons in the 
vessel was found to be larger in the 
former case, indicating that more 
neutrons were formed in fission than 
were used up in the process. From the 
results it was estimated that, for each 
atom of uranium undergoing fission, 
between three and four neutrons were 
emitted, on the average. The release 
of neutrons in fission was confirmed by 
scientists in the United States, as well 
as in France and Germany. The num¬ 
ber of neutrons released undoubtedly 
depends upon the mode of fission; 
some modes may be accompanied by 
one, others by two, three or possibly 
more neutrons, so that the over-all 
average is not an integer. The average 
values for the numbers of neutrons 
produced in the fission of uranium- 
235, plutonium-239 and uranium-233 
by thermal neutrons are recorded be¬ 
low. 


Neutrons Produced in 

Thermal-Neutron 

Fission 

IJranium-235 

2.47 

Plutonium-239 

2.91 

Uranium-233 

2.55 


13.41. In accordance with theoret¬ 


ical expectation, the distribution of 
the neutrons accompanying nuclear 
fission indicates that they are ejected 
from the fission fragments, and not 
from the compound nucleus.* In other 
words, the latter first breaks up into 
two parts, each of which, as seen 
above, probably has too many neu¬ 
trons for stability, as well as sufficient 
energy to make neutron emission pos¬ 
sible. Each excited, unstable nucleus 
consequently expels one or more neu¬ 
trons, probably within 10 -12 sec., in 
an attempt to attain or approach 
stability. The instantaneous gamma 
rays accompanying fission are prob¬ 
ably emitted at the same time. As is 
common with particles produced in 
nuclear reactions, the fission neutrons 
have high energies, of the ord t er of .1 
to 2 Mev, on the average. 

13.42. Over 99 per cent of the neu¬ 
trons produced in fission are released 
within an extremely short interval of 
time; these are referred to as prompt 
neutrons . But, in addition, about 0.75 
per cent of the neutrons accompanying 
the slow-neutron fission of uranium- 
235 are delayed neutrons , the emission 
of which continues for some time after 
the nuclear fission process. The de¬ 
layed neutrons can be detected for 
several minutes, the intensity falling 
off in a manner analogous to that for 
a mixture of radioactive nuclides of 
different half lives. It will be seen in 
§ 14.60 that the emission of the de¬ 
layed neutrons is an important factor 
in the control of nuclear fission re¬ 
actors. 

13.43. Early in 1939, apparently 
before the simultaneous expulsion of 
neutrons in fission had been reported, 
It. B. Roberts, L. R. Hafstad, N. C. 
Meyer and P. Wang, in the United 


* The I rn or more neutron* expelled iti finflion by very high-mmi-gy particles, mentioned in 
$ 1330, probably are ejected directly from the compound nucleus. The same in true for the 
Himill number of Ifl-Mov ulplm particli* which neeomptiny Nlow-noiilron fiNHion of urunium- 
235 £ ime in 2511 IWunn) um\ nf phi ionium-230 Univ in 50U llwHinriw). 
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States, noted that uranium and tho¬ 
rium continued to emit neutrons for a 
short time after the bombardment by 
neutrons had ceased. These were the 
delayed neutrons accompanying nu¬ 
clear fission. An analysis of the rate of 
decrease of the neutron density by the I 
American physicists E. T. Booth, J. R. 
Dunning and F. G. Slack in 1939, and 
later in the same year by K. J. Bro- 
str0m, J. Koch and T. Lauritsen, in 
Denmark, revealed the presence of 
four decay periods. More recent work 
has shown that the delayed neutrons 
from the slow-neutron fission of ura¬ 
nium-235 fall into five, possibly six, 
groups (§ 10.131). The rate of decay 
of the neutron density in each group 
is exponential in nature, as it is for 
radioactive decay in general, and the 
half lives range from a fraction of a 
second to nearly a minute. 

13.44. The study of the delayed- 
neutron emitters of short life is facili¬ 
tated by the use of a device referred 
to colloquially as a “rabbit”; by this 
means a sample of fissionable mate¬ 
rial, after exposure to a high density 
of neutrons, usually in a nuclear fis¬ 
sion reactor, is rapidly transferred to 
a counter where the emission of the 
delayed neutrons is registered auto¬ 
matically. The characteristic prop¬ 
erties of the various delayed neutrons, 
and the percentage which each con¬ 
stitutes of the total, prompt and de¬ 
layed, neutron emission are given in 
the table for the fission of uranium- 
235 by thermal neutrons. Similar re¬ 
sults have been found in connection 
with the fission of plutonium-239 and 
uranium-233; neutrons, emitted with 


the same half-life periods, have been 
observed, but the respective yields are 
different. For the thermal-neutron fis¬ 
sion of plutonium-239, about 0.36 per 
cent of the neutrons are delayed and 
for uranium-233, about 0.26 per cent. 

Delayed Neutrons in Fission of 
Uranium-235 by Thermal Neutrons 

Half Life (sec.) Yield (%) Energy (Mev) 


55.6. 0.025 0.25 

22.5. 0.17 0.56 

4.51 . 0.21 0.43 

1.52 . 0.24 0.62 

0 43 . 0.08 0.42 

0.15 (?). 0.025 (?) — 


13.45. The explanation of the de¬ 
layed neutron emission has been given 
in § 10.132. The 55,6 sec. and 22.5 sec. 
periods are apparently due to the neg¬ 
ative beta-emitters Br 87 and I 137 , re¬ 
spectively, called delay ed-neutron pre¬ 
cursors. These are believed to be direct 
fission fragments, and their decay 
products, Kr 87 and Xe 137 , are formed 
with sufficient excitation energy to 
permit them to expel a neutron in¬ 
stantaneously, yielding Kr 86 and 
Xe 136 , respectively. Both of the latter 
are stable, naturally occurring nu¬ 
clides. It will be noted from the table 
given above that the energies of the 
delayed neutrons are not very high; 
these energies are equal to the energy 
of the excited nucleus, such as Kr 87 
and Xe 137 , minus the binding energy 
of the neutron in each case, and so it 
is unlikely that they will be large. 
There has been some speculation con¬ 
cerning the origins of the other de¬ 
layed neutrons, but the results are not 
conclusive. 


THEORY OF NUCLEAR FISSION 


Mechanism of Nuclear Fission 

13.46. It was stated in § 12.53 that 
if any nucleus has a mass greater than 


the sum of the masses of the particles 
into which it may be subdivided, it 
will tend to be unstable, because the 
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subdivision process would be accom¬ 
panied by a decrease of mass and a 
consequent liberation of energy. The 
mass of a uranium nucleus is certainly 
greater than the combined masses of 
any pair of fission fragments, as seen 
above. It is consequently pertinent to 
inquire: Why do not uranium nuclei 
all suffer spontaneous fission? There 
is a certain amount of spontaneous 
fission, it is true, but the extent of this 
process is extremely small. The ques¬ 
tion of why uranium does not break 
up spontaneously is, however, only 
part of the problem. The gradual de¬ 
crease, with increasing mass number, 
of the binding energy per nucleon for 
elements of mass number exceeding 
about 70 (Fig. 12.2), means that all 
elements of high mass number, especi¬ 
ally if they are greater than 140, 
should be theoretically capable of un¬ 
dergoing spontaneous fission with the 
consequent liberation of energy. Actu¬ 
ally, tantalum, with a mass number of 
181, is the lightest element known to 
be capable of fission, but this was 
made possible only by bombardment 
with particles of very high energy. 

13.47. Although the situation ap¬ 
pears to be contradictory, it is really 
not very different from, that with 
which chemists have long been famil¬ 
iar. A mixture of hydrogen and oxygen 
gases at ordinary temperatures and 
pressures, for example, is known to be 
very unstable with respect to liquid 
water, because the total free energy 
of the latter is much less than that of 
the former. Nevertheless, mixed hy¬ 
drogen and oxygen gases could prob¬ 
ably be kept in a glass vessel for mil¬ 
lions of years without any appreciable 
formation of water. The reason why 
the reaction does not occur is that the 
reacting substances must acquire a 
certain critical amount of energy, 
oalled the energy of activation , before 


they can combine. Under normal con¬ 
ditions, this energy is available to a 
negligible number of molecules, and so 
no interaction is observed. Upon 
raising the temperature sufficiently, or 
by passing an electric spark through 
the gas mixture, the reaction can pro- 
' ceed. 

13.48. Somewhat similar factors are 
operative in essentially all chemical 
reactions. Fuels, such as wood, and 
other carbohydrates, and hydrocarbon 
oils together with oxygen are really 
unstable with respect to the products 
of combustion. Explosives are also un¬ 
stable, but they can be kept safely, 
under proper conditions, for long peri¬ 
ods of time. In each case, an activation 
energy is necessary to make the reac¬ 
tion take place. It will be shown below 
that a nucleus which, on account of 
mass-energy considerations, is ^poten¬ 
tially unstable with respect to two 
smaller nuclei, can undergo fission 
only if sufficient energy, equivalent to 
an energy of activation, is supplied. 

13.49. A useful approach to under¬ 
standing the mechanism of fission is 
by means of the liquid-drop model of 
the nucleus, the general picture being 
largely unchanged by the more com¬ 
plete collective model described in 
Chapter XII. It is postulated that, 
just as the surface tension forces tend 
to maintain a liquid drop in a stable 
form which resists distortion, so the 
nuclear forces serve to keep the nu¬ 
cleus in a stable state. For a drop of 
liquid to be broken up into two smaller 
drops, or for a nucleus to undergo fis¬ 
sion, there must be considerable dis¬ 
tortion which will be possible only if 
additional energy is available. This is 
the basis of the interpretation of fis¬ 
sion indicated by Meitner and Frisch 
in their original publication (§ 13.10); 
it was developed in 1939 by N. Bohr, 
while visiting the United States, first 
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in a qualitative manner and later 
quantitatively in conjunction with 
J. A. Wheeler. 

13,50. The general ideal of the pro¬ 
posed mechanism for fission may be 
understood by considering a drop of 
liquid which is made to break up into 
two smaller droplets, by the applica¬ 
tion of a suitable force. The system 
passes through a series of stages, some 
of which are represented in Fig. 13.3. 



a b 


Fig. 13.3. Liquid-drop model of a 

The drop is at first spherical, as shown 
at A; it is then elongated into an 
ellipsoid, as at B, If insufficient energy 
is available to overcome the force oi 
surface tension, the drop will return 
to its original spherical shape. But, if 
the deforming force is sufficiently 
large, the liquid acquires a shape sim¬ 
ilar to a dumbbell, as at C in Fig. 13.3. 
Once it has reached this stage, it is 
unlikely to return to the spherical 
form, but it will rather split into two 
droplets. These will, at first, be some¬ 
what deformed, with protuberances 
corresponding to the constriction of 
the dumbbell, but finally they will be¬ 
come spherical, as indicated at D. 

13.51. The situation in nuclear fis¬ 
sion is believed to be quite analogous 
to that just considered for a liquid 
drop, even though the nuclei are not 
necessarily spherical. A target nucleus 
combines with a neutron to form a 
compound nucleus; the energy gained 
by the latter is then equal to the bind¬ 
ing energy of the additional neutron 
plus any kinetic energy the incident 
neutron may have possessed. The exci¬ 
tation energy may then be emitted as 
gamma radiation or the compound 
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nucleus could, if sufficient energy 
were available, expel one or , more 
nucleons. But there is a distinct prob¬ 
ability that, because of the excess en¬ 
ergy, the compound nucleus, like a 
liquid drop to which energy is sup¬ 
plied, will undergo a variety of strong 
oscillations; and in the course of these 
oscillations it will pass through a 
phase similar to B in Fig. 13.3. If the 
gain in energy accompanying the ab- 

CO o o 

C D 

n atomic nucleus undergoing fission. 

sorption of the neutron is insufficient 
to cause further deformation beyond 
B, the intranuclear forces will compel 
the nucleus to return to its original 
spherical form; the excess energy will 
then be removed, usually by the ex¬ 
pulsion of a particle of some kind. 

13.52. However, if the nucleus has 
obtained enough energy to permit it to 
form the dumbbell shape C , the resto¬ 
ration of the initial state A becomes 
very improbable. The reason is that 
the electrostatic repulsion between the 
positive charges on the two ends of C 
can now overcome the relatively small 
portion of the nuclear binding force 
operative in the constricted region. 
Consequently, from C the system 
passes rapidly to D, representing fis¬ 
sion into two separate nuclei, which 
are propelled in opposite directions. It 
will be understood, of course, that the 
series of changes just described can 
occur only if it is accompanied by a 
net decrease of mass, that is, by an 
emission of energy ; the state D , con¬ 
sisting of two separate nuclei, is then 
more stable than the initial state A. 

13.53. One of the outstanding prob¬ 
lems in the theory of nuclear fission is 
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to account for the highly unsymmet- 
rical nature of the process, at least 
when initiated by thermal neutrons. 
Many ideas on the subject have been 
put forward from time to time, but 
none has proved to be completely 
satisfactory. A promising hypothesis 
is based on the assumption that the 
nucleus consists of a number of layers 
of nucleons, in general agreement with 
the shell or unified models of the nu¬ 
cleus. It is suggested that once the 
critical deformation of the nuclear 
surface is attained, the outer nuclear 
shells begin to break up in a sym¬ 
metrical manner, as might reasonably 
be expected. The tightly bound inner 
core, however, does not break up and 
it ultimately moves off with half of 
the nucleons from the outer shell (or 
shells). The net result is, therefore, to 
produce two fission fragments with 
different masses. Some of the con¬ 
sequences of this theory have been 
developed and appear to be in agree¬ 
ment with the experimental facts. 

The Critical Energy for Fission 

13.54. The critical energy (or acti¬ 
vation energy) requisite for fission to 
occur is the energy which must be sup¬ 
plied to the original nucleus in order 
to deform it to the state C, where the 
electrostatic repulsion overcomes the 
binding force still holding the two 
parts of the nucleus together. The re¬ 
pulsive force depends on the product 
of the positive charges on these two 
portions, and, as a fair approximation, 
this may be taken as proportional to , 
Z 2 , where Z is the positive charge, i.e., 
the atomic number, of the original nu¬ 
cleus. The binding force, on the other 
hand, is dependent on the number of 
nucleons, i.e., on the mass number A. 
Since an increase in the electrostatic 

* The same conclusion can be reached by a 
mont based on the liquid-drop model. 


repulsion favors fission, whereas an 
increase of the binding energy opposes 
fission, it can be seen, in a general 
way, that the ease of fission will be 
related to Z 2 /A* The larger Z 2 /A for 
a given nucleus, the smaller the energy 
which must be supplied in order to 
make it suffer fission; in other words, 
the larger the value of Z 2 /A , the more 
easily will the nucleus undergo fission. 

13.55. By means of detailed com¬ 
putations, based on the liquid-drop 
analogy, Bohr and Wheeler concluded 
that if Z 2 /A exceeded 45, no additional 
energy would be necessary to cause 
fission of the nucleus, to take place. 
The electrostatic repulsion would thein 
be so great that the slightest deforma¬ 
tion of the nucleus from the spherical 
shape would immediately result in its 
splitting into two parts. Since Z 2 /A 
might be expected to have a vklue of 
45 for an element having an atomic 
number of about 115, this would repre¬ 
sent a definite upper limit of nuclear 
stability, even of temporary stability. 
The calculations are not exact enough 
to permit this maximum atomic num¬ 
ber to be estimated with any degree of 
accuracy, but the general conclusion is 
undoubtedly correct: there is evidently 
a more or less definite limit of atomic 
number or mass number beyond which 
elements would be too unstable to 
exist for longer than about 10 -12 sec., 
if they can exist at all. 

13.56. For plutonium-239, the value 
of Z 2 /A is 37.0, for uranium-233 it is 
36.4, and for uranium-235 it is 36.0; 
these are fairly high, but they are 
sufficiently less than the limiting value 
of 45 to require appreciable activa¬ 
tion (or deformation) energies for fis¬ 
sion. The critical energy for uranium- 
235 has been calculated to be 6.1 Mev. 
Tantalum is the lightest element for 

more rigorous^ but more complicated, treat- 
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which fission has been observed, al¬ 
though 400-Mev alpha particles are 
necessary; for this element Z 2 /A is 
about 29, and the critical (activation) 
energy is consequently large. 

13.57. It will now be understood 
why fission does not occur with tighter 
elements, although it should, theoreti¬ 
cally, lead to a more stable state. The 
amount of energy that would have to 
be supplied to the nucleus to reach the 
critical deformation state (Fig. 13.3, 
C) is very large. But even if this en¬ 
ergy were supplied, by the use of a 
suitably accelerated particle, it is not 
certain that fission would occur, for 
the highly excited compound nucleus 
can break up in other ways, by spalla¬ 
tion, for example. This probably ac¬ 
counts for the fact, mentioned in 
§ 13.36, that fissions brought about by 
particles of very high energy differ 
from those due to neutrons of low or 
moderate energies. 

Fission Potential Energy 
Barrier 

13.58. An alternative point of view 
concerning the conditions for nuclear 
fission, which has some interesting as¬ 
pects, makes use of a potential energy 
diagram, such as that in Fig. 13.4, in 
which the energy of the fission frag¬ 
ments is plotted as a function of their 
distance apart. The exact shape of the 
curve depends on the nature of the 
target nucleus, but the general form is 
as shown in the figure. At the extreme 
left of the diagram the fission frag¬ 
ments are supposed to be brought to¬ 
gether, so that A represents the energy 
of the target nucleus and an incident 
neutron * At the extreme right, the 
fission fragments are at a consider- 
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able distance apart, so that at D their 
interaction is small, approaching zero. 



Fig. 13.4. Potential energy curve for 
fission, showing the critical deformation 
energy. 

13.59. Between A and D lies a hypo¬ 
thetical barrier, somewhat similar to 
that which prevents an alpha particle, 
or other positively charged particle, 
from leaving the nucleus (§ 7.28). The 
top of the barrier, indicated by the 
point C , corresponds to the state of 
critical deformation of the nucleus. 
The curve from C to D represents the 
electrostatic repulsion of the nuclei 
produced in fission, the energy de¬ 
creasing as the fragments move fur¬ 
ther apart. If the mass (or energy) 
conditions are such that fission is 
theoretically possible, that is to say, if 
the mass of the target nucleus plus 
that of the incident neutron exceeds 
the sum of the masses of the fission 
fragments, then A will lie above D } as 
in Fig. 13.4; the potential energy of 
the system at A exceeds that of the 
separate fission fragments at D. If 
the energy at A is such that it lies be¬ 
low D, then fission would be virtually 
impossible. 

13.60. Suppose fission is possible, as 
in Fig. 13.4; then, if it is to take place, 
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* Apart from the fuel that A in Fig. 13.3 represents the compound nucleus already formed 
whereas in Fig. 13.4 it applies to the target nucleus and the incident neutron bvjoie they 
mimbine, i.e., without the binding energy of the neutron, the letters in the two figures cor- 
respond to the fttime uomlilions. 
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the system must pass from A to D . 
The obvious way for it to do so is for 
the incident neutron, or other particle, 
to supply enough energy to bring that 
of the resulting compound nucleus to 
a point lying above C. This occurs 
when a U 235 nucleus takes up a slow 
neutron, as will be shown in the next 
section. If the energy gained by the 
entry of the incident particle is insuffi¬ 
cient to raise the energy from A to C, 
as is the case, for example, with ura¬ 
nium-238 and a thermal neutron, then 
fission will not occur. However, by 
using neutrons of 1 Mev energy, the 
energy of the system is increased so 
that it now lies above the point C } and 
fission takes place. 

13.61. The energy difference from A 
to C is the critical deformation energy, 
equivalent to the activation energy of 
a chemical reaction, and this must be 
supplied if fission is to occur at a 
measurable rate. In accordance with 
the discussion presented earlier, the 
critical energy depends on the quan¬ 
tity Z 2 /A for the given nuclide. The 
larger the value of Z 2 /A } the more 
closely will the energy at A approach 
that of C. If Z 2 /A is sufficiently large, 
then the energy of the nucleus, even 
before taking up an incident particle, 
may already lie above C ; if this par¬ 
ticular nucleus were formed in some 
manner, it would undergo instantane¬ 
ous fission. 

13.62. It will be recalled that al¬ 
though an electrostatic potential bar¬ 
rier would appear to make it impossi¬ 
ble for an alpha particle with insuffi¬ 
cient energy to leave the nucleus of a 
radioactive element, there is neverthe¬ 
less a certain probability that such 
particles, which are unable to sur¬ 
mount the barrier, will be expelled 
(§ 7.30). Somewhat similar conditions 
must be operative in the case of nu¬ 
clear fission, Even though the nucleus 


in its normal state does not have 
enough energy to permit it to pass 
through the critical deformation stage, 
the principles of wave mechanics re¬ 
quire that there should be a definite 
probability that fission will take place. 
This is believed to be the cause of 
spontaneous fission of uranium men¬ 
tioned in § 13.19. In general, the rate 
of spontaneous fission becomes greater 
as Z 2 /A increases, indicating a greater 
probability of penetration of the po¬ 
tential barrier, as is to be expected. 

Neutron Energy and Fission 

13.63. According to' the Bohr- 
Wheeler treatment, the critical defor¬ 
mation energy for neutron fission of 
uranium-238 is 7.0 Mev, compared 
with 6.1 Mev, as stated above, for the 
rarer U 235 isotope. The differenqe of 
0.9 Mev in favor of the latter would 
make this isotope more fissionable, 
but it alone would not account for the 
fact that thermal neutrons, with en¬ 
ergy of a fraction of an electron volt, 
can cause fission of uranium-235, as 
compared with at least a million elec¬ 
tron volts required for uranium-238. 
Even before any of the foregoing 
quantitative estimates were made, or 
any experimental information con¬ 
cerning the respective isotopes suffer¬ 
ing fission by slow or fast neutrons 
was available, Bohr had predicted, in 
February 1939, that it was the lighter 
isotope, U 235 , which was split by ther¬ 
mal neutrons. 

13.64. The basis of his argument 
was that since uranium-235 has an 
even number of protons and an odd 
number of neutrons, whereas the com¬ 
pound nucleus formed by taking up a 
neutron has even numbers of both 
kinds of nucleons, more energy is 
gained by this isotope than by ura¬ 
nium-238, an even-even nucleus which 
changes into one of the even-odd type 
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when it takes up a neutron (§ 12.82 
et seq .). The compound nucleus 
formed by U 235 and a neutron will thus 
be in a more energetic state than that 
resulting from the combination of U 238 
with a neutron; hence, Bohr argued, 
it is the uranium-235 isotope which is 
more likely to undergo fission when 
the nucleus takes up a slow neutron. 

13.65. Actually, when the detailed 
calculations were made by Bohr in 
conjunction with Wheeler, it turned 
out that both the critical deformation 
energy and the energy gained upon 
the entry of the neutron were impor¬ 
tant in determining the ease of fission. 
The latter quantity is numerically 
equal to the increase in binding en¬ 
ergy resulting from the addition of an 
extra neutron to the target nucleus, 
U 235 or U 238 in the cases under con¬ 
sideration, and hence it can be readily 
obtained with the aid of equation 
(12.6). First, the total binding energy 
is calculated for U 235 , for which A is 
235 and Z is 92; then, the correspond¬ 
ing quantity is determined for the 
compound nucleus formed by the addi¬ 
tion of a neutron, which is an excited 
state of U 236 , having A equal to 236 
and Z to 92. The difference between 
these two binding energies represents 
the energy gained when a neutron of 
zero kinetic energy is taken up by a 
U 235 nucleus; using equation ( 12 . 6 ) 
the result is found to be 

B.E.(U 236 ) - B.E.(U 235 ) = 6.5 Mev. 

Upon repeating the calculations for 
U 238 , for which A is 238 and Z is 92, 
and the corresponding compound nu¬ 
cleus (U 23e ), with A equal to 239 and 
Z to 92, the energy acquired when a 
neutron is added to the U 238 nucleus 
is given by 

B.E.(U 239 ) - B.E.(U 238 ) = 5.5 Mev.* 
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13.66. The considerable difference 
between these two values is mainly 
due, in accordance with expectation, 
to the effect of the last term, that is, 
the spin (or odd-even) term, in equa¬ 
tion (12.6). In the first of the forego¬ 
ing cases, the term makes a positive 
contribution of about 0.55 Mev to the 
binding energy of U 236 , but it is zero 
for U 233 ; in the second case, on the 
other hand, the contribution is zero 
for U 239 but it is about 0.55 Mev posi¬ 
tive for the U 238 nucleus. The odd- 
even (or spin) effect alone is thus re¬ 
sponsible for approximately 1.1 Mev 
of the difference in the energies gained 
by the two uranium isotopes upon the 
addition of a neutron. 

13.67. In reviewing the results, it is 
seen that for the U 238 nucleus a critical 
deformation energy of 7.0 Mev is nec¬ 
essary for fission, but it acquires only 
5.5 Mev when it takes up a neutron 
of zero kinetic energy. Fission by ther¬ 
mal neutrons, with 0.03 ev energy, 
is thus highly improbable. It would 
appear that the incident neutrons 
would need to have at least 7.0 — 5.5 
= 1.5 Mev of additional kinetic en¬ 
ergy to make fission of uranium-238 
possible. Experiments indicate tlmf 
neutrons of about 1 Mev energy are 
required. The discrepancy between 
the observed (1 Mev) and calculated 
(1.5 Mev) energies is, no doubt, duo 
partly to the inexact nature of the 
calculations. 

13.68. With uranium-235, the situa¬ 
tion is quite different. Here the crit¬ 
ical deformation energy for fission in 
6.1 Mev, but somewhat more energy, 
namely, about 6.5 Mev, is made avail¬ 
able by the capture of a slow neutron, 
It is evident that in this instance ther¬ 
mal neutrons should be capable of 
causing fission of the U 23B nuclcuH, 


* Slightly different results from those quoted here will be found in I he liternfuro, due In 
the use of'somewhat different values for the empirical constants in equation 
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Definite proof that it was the less 
common isotope of uranium, of mass 
number 235, which was split by slow 
neutrons, was obtained early in 1940 
by E. T. Booth, J. R. Dunning and 
A. V. Grosse at Columbia University. 
Small samples of the separate 235 and 
238 isotopes were secured, first by 
A. O. Nier and shortly after by K. H. 
Kingdon and H. C. Pollock, by the 
electromagnetic method, as mentioned 
in § 8.92. These were subjected to 
bombardment by slow neutrons; the 
uranium-235 isotope definitely suf¬ 
fered fission, but the heavier isotope, 
of mass number 238, did not.* The 
latter, however, could be split by fast 
neutrons. The establishment of these 
facts was of great significance in con¬ 
nection with the design of fission re- 
iftctors for the release of nuclear en¬ 
ergy (Chapter XIV). 

13.69. Estimates made for uranium- 
933 and plutonium-239 show that the 
Critical deformation energies for fis- 
jdon, as described above, are about 6.0 
and 5.0 Mev respectively. In both 
Qrtsc?s the target nuclei contain an even 
number of protons and an odd number 
of neutrons, while the compound nu¬ 
cleus formed by the capture of a neu- 
Wfpn has even numbers of both. The 
energy made available by the taking 
Up of a slow neutron, as calculated by 
means of equation ( 12 . 6 ), is about 
Jfcfl Mev in each case. Hence, thermal , 
neutrons should be able to cause fis- 
jllon, as indeed they do, in both ura- 
tlium-233 and plutonium-239. 
t 13.70. Similar considerations explain 
tin* necessity for the use of high- 
encrgy neutrons to induce fission of 
(hnrium-232 ( H 0 Th 232 ), protactinium- t 
93! (iqPa 281 ) and neptunium-237 | 
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( 93 NP 237 ). The 90 Th 232 is an even-even 
nucleus, and changes to an even-odd 
nucleus upon taking up a neutron; the 
energy released in the capture of a 
slow neutron is thus about 5.4 Mev, 
as in the analogous case of uranium- 
238, compared with about 7 Mev for 
the critical deformation energy. The 
nuclei 9 iPa 231 and 9 aNp 237 contain an 
odd number of protons and an even 
number of neutrons, and the addition 
of another neutron converts them into’ 
odd-odd nuclei, which are known to 
have relatively low binding energies 
(§ 12.96). The energy liberated in the 
absorption of a thermal neutron is, 
thus 5.0 to 5.5 Mev, which is less than 
the minimum necessary to cause fis¬ 
sion. In these three cases neutrons of 
about 1 Mev energy must be captured 
to produce the critical deformation 
leading to fission. 

13.71. A general consideration of the 
change in various types of nuclei re¬ 
sulting from the addition of a neutron 
shows that the liberation of energy is 
greater if the original nucleus contains 
an even number of protons and ah odd 
number of neutrons or an odd number 
of both, than is the case for nuclei, 
in the same mass region, of the odd- 
even or even-even types. It is to be 
expected that nuclei of the former 
group are likely to undergo fission with 
slow neutrons, whereas fast neutrons 
would be required for the latter. Thus, 
uranium-233, uranium-235 and pluto¬ 
nium-239 contain even numbers of 
protons and odd numbers of neutrons 
and are fissionable by slow neutrons. 
So also are the odd-odd nuclei protac- ; 
tinium-232, neptunium-236 and -238 
and americium-242. On the other 
hand, for neptunium-237, with an odd 


* Cillinury uranium contains about 0.005 per mil, of a third isotope, mass number 234, 
Wlildi in imumun-II of I lie uranium disintegration series (CImptor V). Thin isotope will not 
IMidergo slow-neutron fission, und because of its snmll abundance its presence cun be ignored 

liOhi. 
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number of protons and an even num- even-even type, fast neutrons are 
ber of neutrons, and for thorium-232 necessary to induce fission, 
and uranium-238, which are of the 

PRODUCTS OF NUCLEAR FISSION 


Properties of Fission Products 

13.72. A knowledge of the physical 
properties and the chemical nature of 
the products is important in connec¬ 
tion with the utilization of nuclear 
fission as a source of energy. These 
subjects have consequently been given 
careful study. Since the primary frag¬ 
ments carry off most of the fission 
energy as kinetic energy, they have 
high initial velocities, in the vicinity 
of TO® cm, per sec. The actual speed 
of a given fragment depends on its 
mass, the value being somewhat 
greater than 10 ° cm. per see. for the 
lightest nuclei and somewhat less for 
the heavier ones. In accordance with 
their high speed, the particles have 
appreciable penetrating power, in spite 
of their relatively large mass, the 
ranges in air varying from 1.9 cm. for 
the heaviest to 2.5 cm. for the lightest. 
The neutrons and gamma rays formed 
in fission, and the beta particles result¬ 
ing from subsequent radioactive decay 
of the fission fragments have, of 
course, much greater penetrating 
power. 

13.73. Another point of interest con¬ 
cerning the fission fragments relates 
to the charges they carry. Hitherto, 
the orbital electrons have been com¬ 
pletely ignored, since fission is a nu¬ 
clear process. The uranium atom, how¬ 
ever, has 92 electrons, and when fis¬ 
sion takes place it appears that about 
40 of them are stripped off. Conse¬ 
quently, each fragment has approxi¬ 


mately twenty electrons less than the 
normal atom, and hence is, effectively, 
an ion carrying this number of posi¬ 
tive electric charges. Such charged 
particles will naturally have consider- 
able ionizing power, as is exemplified 
by the use of fission chambers for the 
detection of neutrons (§11.28). As 
already noted, the earliest confirma¬ 
tion of the reality of fission came from 
a study of the ionization produced by 
the fission particles. 

13.74. Since the direct fission frag¬ 
ments invariably have too large a pro¬ 
portion of neutrons for stability, they 
exhibit negative bet a-activity. Each 
fragment thus initiates a short radio¬ 
active series, involving the successive 
emission of beta particles. Each fission 
decay chain* consists of three stages, 

; on the average, although shorter and 
longer chains occur frequently. Re¬ 
ferring to the possible fission frag¬ 
ments asSr 96 and S 4 Xe I,1B , indicated in 
§ 13.24, the stable nuclides with the 
same mass numbers, which will ulti¬ 
mately be formed in a series of beta 
decays, are 42 M 0 95 and 57 La 139 , respec¬ 
tively. In the former case four, and in 
the latter three, beta particles would 
be expelled, making a total of seven. 
The mean value for a number of cases 
is found to be just over six, so that 
there will be an average of about three 
stages per decay chain. Some examples 
of fission decay chains will be given 
below. 

13.75. As seen in § 13.33, there are 


* Although the term fission chain, without qualification. i« often used ^escribe 
radioactive series produced in fission, it is likely to cause confusion with the hssion cnain 
reason to be considered in Chapter klV. It is desirable, therefore, to specify that a decay 
chain is meant here. 
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more than 80 possible fission frag¬ 
ments, and if each initiated a chain 
with three stages, the fission products 
might include a total of something 
like 250 radionuclides. Hence, it is 
evident that the process of fission 
yields mixtures of very great complex¬ 
ity, especially as isomeric nuclei and 
stable end-products have not been in¬ 
cluded in the foregoing estimate. It 
can be seen that the problem of deter¬ 
mining the masses and atomic numbers 
of the fission fragments, as well as 
of identifying the members of the 
many decay chains, is one of great 
difficulty. Nevertheless, as the result of 
persistent and painstaking work, much 
of which was carried out in connection 
with the wartime atomic energy proj¬ 
ect in the United States, more than 60 
chains have been established, and 
over 200 different radionuclides, as 
well as a number of isomers, have been 
assigned to them. 

Identification of Fission Products 

13.76. In the study of the fission 
products, the first step was the isola¬ 
tion of the different elements. For this 
purpose, use was made of some of the 
previously known methods for dealing 
with minute amounts of radioactive 
material (§ 5.29 et seq.), and in addi- , 
tion some new procedures were de¬ 
vised. Precipitation in the presence 
of a carrier was frequently employed, 
the latter being either a stable isotope 
of the desired material or a compound 
of an element with similar chemical 
properties. Because some precipitates 
have a marked tendency to adsorb, 
or to carry down with them in other 
ways, substances which are normally 
soluble, hold-back carriers were often 
added. Traces of the latter, rather 
than one of the fission products, were 
carried down by the precipitate. Ex¬ 
traction by means of an organic sol¬ 


vent and volatilization found applica¬ 
tion in certain instances. The inert 
gases krypton and xenon occur among 
the fission products, and their removal 
is, of course, relatively simple. Elec¬ 
troplating and displacement of one 
metal from solution by another, were 
also employed for separation purposes. 

13.77. One of the most difficult tasks 
was the separation and identification 
of the rare-earth elements (§ 1.48), of 
which eight occur among the fission 
products. On account of the similarity 
of their properties, chemical separa- 
I tion methods are almost unknown and 
the tedious fractional ■ crystallization 
methods, which had previously been 
applied to achieve a partial separation 
of these elements, requiring large 
amounts of material and long periods 
of time, were useless. A remarkably 
simple and ingenious solution to this 
problem was finally worked out; the 
procedure has had a significant influ¬ 
ence in the study of the rare-earth 
elements, and also in other fields of 
chemistry. 

13.78. It has long been known that 
certain minerals behave like salts of 
an insoluble negative' (acidic) anion, 
which constitutes the main framework 
of the mineral, and a soluble positive 
(basic) cation. When such a mineral 
is in contact with a solution containing 
a soluble salt, the positive cation of 
the latter is able to exchange places 
with the corresponding ion in the 
mineral until an equilibrium is estab¬ 
lished. The phenomenon of “bas.e ex¬ 
change,” familiar to soil scientists for 
over one hundred years, is an illustra¬ 
tion of this behavior. 

13.79. During the present century 
the principle of ion exchange has 
found considerable application in con¬ 
nection with the softening of hard 
waters on the large scale. The sub¬ 
stances used for this purpose were 
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either natural minerals, knowr " 

Y es or, more commonly, _ artificial 
products resembling zeolites m compo¬ 
sition and, in particular m their cation 
exchange properties. The soluble«*» 
in the solid zeolite are norm ally pos^ 
tivc sodium ions, and if a haid > 

containing cnlcinm and 
■a alts is passed through a column ot 

L «olite, an equilibrium .s ft up 

between the various cations. As a re 
su lt the sodium ions from the zeolite 
pass into the water while the calcium 

the solid. Thus, the safe of calcium 
and magnesium, responsible for hard 
ness in the water, are replaced by the 
corresponding sodium salts which are 

I,armless. After a time .hen most 

the sodium ions m the zeohte have 
been removed, the mineral can be re¬ 
generated hv passing through it 8 
concentrated solution of sodium cl do 
ride. Because of the high proport on 
of sodium ions in the solution, the 
establishment of equilibrium now 
onires these ions to enter the zeohte, 
replacing the calcium and magnesium 
ions in the spent material. 

13.80. An important advance n the j 
subject was made, during the 1930s, 
when it was found that certain syn¬ 
thetic organic resins containing aegic 
arouos such as a carboxyl (-^Luun i, 

| phenolic {—OH) or a sulphomc acid 
(__S0 3 H) group, exhibit catlon - 

exchange properties* Such 
tablv of the Amberhte and Powcx 
types, are manufactured in the United 
States and have found various apphea- ] 
tions in industry, for the purification 
of water and for other P^P^s re¬ 
quiring the removal of ions from 

S0 \f 8 t Starting in 1942, largely due 
to the suggestions of Q. E. Boyd and 
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W E Cohn and their respective as¬ 
sociates, working in connection with 
the wartime nuclear fission project 
(Chapter XIV), a procedure was de¬ 
veloped for the separation and punfi- 
cation of the rare-earth elements, m 
particular, by means of 
resins The method, which is has 
on certain principles used in the chro¬ 
matographic adsorption process of sep¬ 
arating complex organic compounds, 
is somewhat as follows. , 

13 82. A solution containing the 
salts' of the elements to be studied, 
obtained by a preliminary liqu a¬ 
tion from the fission product mixture 

L passed through a column packed 
with small particles ofthe: “L 

As a result the rare-earth ions arc 
almost entirely removed from the: solu¬ 
tion being taken up by the top laye ■ 
of the resin. A solution containing a 
substance capable of forming com¬ 
plexes of varying stability with the 
several ions to he separated, commonly 
known as a completing agent is then 
allowed to flow slowly down the col¬ 
umn of resin. Most of the data reported 
so far for separation of the rare-earth 
ions are based on the use of a solution 
of ammonium citrate adjusted to a 
suitable acidity, that is, to the opt 
mum pH value, by means of citric 
acid. Solutions of oxahe acid have 
also been employed, P-^ularly to 
separate zirconium and niobium, 
which are not rare earths. 

13 83 As the complexmg agent per¬ 
colates through the column, there wa 
competition between the solidjean 
and the citrate ions in solution for the 
rare-earth ions. The ionic species 
forming the most stable complexes 

with the citrate « 
eluted) preferentially, so that thiBM 
found, to the virtual exclusion of the 


■ also known, and have useful properties; they need 

* Synthetic anion-exchange resins are also known, 
not, however, be considered here. 


Nuclear Fission 


409 


other ions, in the first solution to leave 
the column. As the procedure con¬ 
tinues, and the first ion is removed 
almost completely, another ion is 
eluted, and so on, the order in which 
the rare-earth ions are extracted be¬ 
ing the reverse of their atomic num¬ 
bers. In fact, it has been claimed that 
in a mixture of radioisotopes of the 
rare-earth ions the atomic number of 
a specific ion can be determined from 
a curve giving the elution yield, as¬ 
certained from the radioactivity, 
against the volume of the solution 
emerging from the column. The fun¬ 
damental principles of the extraction 
process are quite complicated, but the 
actual technique is remarkably simple, 
especially in view of the striking re¬ 
sults obtained.* 

13.84. No matter what procedure is 
used in the separation of the fission 
products, two tests of purity are in¬ 
variably employed. One is to study 
the rate of beta decay by means of a 
nuclear-particle counter, to see if it 
follows the familiar logarithmic equa¬ 
tion (§5.35). If the decay is not 
simple, the presence of an impurity, 
which may possibly be the daughter 
element, is indicated. An analysis of 
the decay curve, especially after fur¬ 
ther purification, often provides use¬ 
ful information. The second test for 
the effectiveness of the separation is to 
examine the absorption of the beta 
particles by aluminum foils (§ 7.5); 
from the shape of the absorption 
curve certain conclusions can be drawn 
concerning the number of components 
present. 

13.85. Once a product has been 
identified, from the fact that its char¬ 


acteristic radioactivity follows the 
chemistry of a known element with 
which it is isotopic, a search is made 
for a possible radioactive parent, for 
this will be an element with an atomic 
number one unit less. In the course 
of time, too, a daughter element, with 
an atomic number one unit higher, 
will accumulate. In this way eyidence 
is gradually collected which makes 
possible the establishment of a decay 
chain starting with a direct fission 
fragment and ending with a known 
stable nuclide. A check on the correct¬ 
ness of the results is often provided 
by the half lives which must fall into a 
more or less definite order, as ex¬ 
plained in § 12.99 et seq ., according as 
the mass numbers are odd or even. 

13.86. Since all the members of a 
given beta-decay chain are isobaric 
with one another, each chain has a 
definite mass number. The assignment 
of the proper mass number is a matter 
of some importance, and often of diffi¬ 
culty. One possibility is to show that 
a particular product is the same as a 
radioactive nuclide which has bejen ob¬ 
tained in an unequivocal manner, in 
one of the ways described in Chapter 
X. A good illustration is provided by 
the chain of which one of the mem¬ 
bers is a 40-hr. radioisotope of lan¬ 
thanum. There is probably only one 
stable form of this element, of mass 
number 139, which is known f^o un¬ 
dergo an (n,y) reaction to yield a 
40-hr. isotope; the mass number of 
the latter must be 140, and so this is 
also the mass number of the chain 
under consideration. 

13.87. Some use has also been made 
of the mass spectrograph to assign 


* A significant development of the ion-exchange method for the separation of the rare- 
earth elements, fine \o F. H. Speckling and hi* associates at Iowa State College, is the pro¬ 
duction of gram, and sometimes even of kilogram, quant ities of these elements with a high 
degree of purity. One of the consequences is the availabijity for research of compounds of 
lanthanum, cerium, praseodymium, neodymium, Miinmrmm, gadolinium, ytterbium and 
yttrium in amounts, and of a purity, that had previously been inconceivable, 
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mass numbers. The procedure for rec¬ 
ognizing the stable end-products is 
quite straightforward, especially if 
these are gaseous, such as krypton and 
xenon. An ingenious modification of 
the method has been devised for the 
study of radioactive substances by 
A. J. Dempster and his associates at 
the University of Chicago. A mass- 
spectrograph record is obtained on a 
plate, in the ordinary way, and this 
is placed in contact with an unde¬ 
veloped photographic film. The beta 
particles emitted by the active product 
affects the latter, and so the mass posi¬ 
tion can be readily located in the 
presence of other substances. If two 
or more active species should happen 
to be present, they can be identified 
by the rate of decay of the activities 
deposited on the plate of the mass 
spectrograph. 

13.88. As seen in Fig. 13.2, the plot 
of the fission yield against the mass 
number is a continuous smooth curve,* 
and, consequently, the mass number 
of a particular product can be deter¬ 
mined from the fission yield, especially 
in regions where the fission yield curve 
has a steep slope. The rate at which 
a given quantity of material under¬ 
goes fission can be readily ascertained 
by counting the fission fragments in an 
ionisation chamber; suppose this is 
found to be / nuclei per second. After 
fission has taken place continuously 
for a period that is long in comparison 
with the half life of a given product 
or of any of its precursors, the amount 
of the product will have reached an 
equilibrium or steady state value, 


short u . short « 97 sllort v ^97 

36 Kr 97 -> 3 7 Rb 97 - > ™br y/ - > ™ i 
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when the rate of decay is equal to the 
rate of its formation (§ 5.42). 

13.89. If, for a particular mass num¬ 
ber, y is the fission yield, expressed as 
a fraction of the total number of fis¬ 
sions, the rate of formation of the 
product is fy nuclei per second, and 
the rate of decay, as measured by the 
steady state activity, or saturation ac¬ 
tivity, will consequently have the 
same value. The saturation activity 
can be measured by means of a suit¬ 
able counter, and since the fission rate 
f is known, the yield y can be calcu- 
lated. This result can then be utilized 
to confirm or to assign the mass num¬ 
ber. 

Fission Decay Chains 

13.90. By piecing together evidence 
obtained in various ways, it has been 
possible to draw definite conclusions 
concerning the identities of the fission 
fragments and the products of their 
radioactive decay. Some of the results 
obtained have already been described, 
and a few others of special interest will 
be mentioned here. As stated above, 
there are, on the average, three stages 
of beta emission in each fission decay 
chain, although most chains are either 
longer or shorter. The shortest chains, 
involving one or two stages, generally 
occur at the beginning and end of 
: both light and heavy groups; the long¬ 
est chains are found around the middle 
of each group, where the fission yields 
are high (Fig. 13.2). One of the longest 
series of disintegrations among the 
lighter fission products is that of mass 
number 97; thus, 

short 
- > 

40 Zr 97 4 iCb 97 42 M 0 97 (stable). 


* The fission yields of certain (magic number) nuclei with closed nucleon shells (8 12.100) 
apparently do not fall on the curv', but he above it. 
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13.91. A long chain in the heavy 
group is the one of mass number 143; 
thus, 


will be given to these elements in 
Chapter XVI. 

13.94. Among the fission products, 


54 Xe 143 ^ „Cs“» 56 Ba 143 -5=1 67 La“ 3 ^ 

32 h 1 Q !T J 

68 Ce 143 -» 5 9 Pr 143 — > eoNd 143 (stable). 


13.92. One other chain worthy of 
mention is that of mass number 140, 
namely, 


there have been detected small* 
amounts of the nuclides 35 Br 82 , 3 vRb 86 
and c 5 Cs 136 ; these are of interest be¬ 


> 4 Xe 140 55 CS 140 — 


seBa 14 " 67 La 141 ’ 58 Ce 14 " (stable), 


because the 12.8-day Ba 140 was the 
product, resulting from the action of 
neutrons on uranium, which Hahn and 
Strassmann originally called “ra¬ 
dium,” and which they later found to 
be separable from radium but insep¬ 
arable from barium (§ 13.7). 

13.93. The chains of mass number 
99 and 147 are of particular interest 
because they have as members fairly 
long-lived isotopes of the elements of 
atomic numbers 43 and 61, respec¬ 
tively, whose existence in nature is 
doubtful (§ 12.102 et seq .). The chain 
of mass number 99 is 

42 Mo 99 ^ 43" 44 Ru" (stable), 

in which the nuclide of atomic number 
43 has a half life of about 200,000 
years. This, incidentally, happens to 
be the active species of longest life 
that has thus far been found as a prod¬ 
uct of uranium fission. The mass- 
number 99 isotope of element-43 is at 
present available in appreciable quan¬ 
tities and in almost pure form. The 
element of atomic number 61 is ob¬ 
tained in the decay chain. 

eoNd 147 -4 61 147 -- y > fl 2 Sm 147 . 

This 2.5-yr. nuclide of mass number 
147 is one of the longest-lived isotopes 
of clcmcnt-81. Further consideration 


cause they are examples of shielded 
nuclides (§12.98 footnote). Each of 
these species has two stable isobars^ 
with atomic numbers higher and lower' 
by one unit, respectively; thus 3 pBr 82 yi 
for example, is “shielded” by the 
stable nuclides .-uSe 82 and 36 Kr 82 ,. The- 
significance of this situation i$ that 
Br 82 and the other shielded nuclides 
cannot be the products of beta decay, 
either positive or negative, for the 
positions which would have to fie oc¬ 
cupied by the radioactive parents are 
already filled by stable species. It fol¬ 
lows, therefore, that the shielded nu¬ 
clides observed among the fission 
products are either primary fission 
fragments, or else they result from the t 
expulsion of prompt neutrons by 
highly excited nuclei formed as a 
result of the splitting of the uranium 
nucleus (§ 13.41). 

13.95. In conclusion, it may be 
pointed out that the fission of uranium 
has made available a large number of 
radioactive nuclides which could not 
be obtained by the ordinary bombard¬ 
ment procedures. The neutron-to-pro- ' 
ton ratios of the products formed in 
the latter manner are not very differ¬ 
ent from those of the stable elements. 
Because of the high neutron-to-proton 
ratio in uranium, however, the prod¬ 
ucts of fission have much higher val- 
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ues of this ratio than could be ob¬ 
tained in any other known way, at 
least in anything like the quantities 
at present available. Certain of these 
nuclides may prove to have practical 


Chap. XIII 

value, but in any event, by extend¬ 
ing the range of information available 
they are helping to solve some of the 
outstanding problems of nuclear 
structure. 


The Utilisation of Nuclear Energy 

Chapter XIV 

ENERGY FROM NUCLEAR FISSION 


The Concept of Atomic Energy 

14.1. The conception of the atom as 
a possible source of energy developed 
at the turn of the century, mainly as 
a result of the discovery of radio¬ 
activity. The fact that certain atoms 
could spontaneously eject electrically 
charged particles capable of producing 
ionization and affecting a photo¬ 
graphic plate meant that energy was 
-being liberated. The question then 
was: What is the source of this en¬ 
ergy? Two different points of view 
were evidently being given considera¬ 
tion, for in a somewhat noncommittal 
paper published in 1902, Pierre and 
Marie Curie wrote: “Each atom of a 
radioactive substance functions as a 
constant source of energy.* ... In 
seeking to specify the origin of the 
energy of radioactivity, various sup¬ 
positions can be made which group 
themselves into two general hypothe¬ 
ses: first, each radioactive atom pos¬ 
sesses in a state of potential (internal) 
energy the energy which it releases; 


second, the radioactive atom is a 
mechanism which continuously derives 
from outside itself the energy which it 
gives off.” 

14.2. The possibility that o! radio¬ 
element might have the property of 
extracting energy from its surround¬ 
ings or from external radiation, and 
that this energy was utilized to eject 
alpha and beta particles, received sup¬ 
port, notably from W. Crookes and 
from Lord Kelvin, in spite of the fact 
that it appeared to contradict the 
second law of thermodynamics. But it 
was the alternative suggestion, that 
radioactive energy represented inter¬ 
nal energy of the atom itself, which 
was favored by H. Becquerel and, 
especially, by E. Rutherford and F. 
Soddy, and this view met with general 
approval. 

14.3. Incidentally, it was in the 
course of a discussion of the energy 
of radioactive change that Rutherford 
and Soddy made the suggestion that 
all atoms, and not only radioactive 


*h»J**iP « neB ? re mto thinking the source of energy remained constant because, as 

they said, experiments of several years show that for uranium, thorium, radium and prob¬ 
ably also for actinium . . the activity does not vary with time." The dements mentioned 

have, of course, relatively long half lives, so that no variation in activity was observed 
during the course of a few years. w uuoervea 
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atoms, possess large amounts of en¬ 
ergy, Writing in 1903, they said: “All 
these considerations point to the con¬ 
clusion that the energy latent in the 
| radioactive 1 atom must be enormous 
compared with that rendered free in 
ordinary chemical change. Now the 
radioelements differ in no way from 
other elements in their chemical and 
physical behaviour. . . - Hence there 
is no reason to assume that this enor¬ 
mous store of energy is possessed by 
tbe radio-elements alone. It seems 
probable that atomic energy in general 
is of a similar, high order of magni¬ 
tude, although the absence of [radio¬ 
active] change prevents its existence 
being manifested.” 

14.4. In 1904, the famous English 
mathematical physicist and astrono¬ 
mer, J. H. Jeans, suggested an expla¬ 
nation of radioactive energy which 
was later proved to have a germ of 
truth, although it was based on the 
erroneous idea that all mass is electro¬ 
magnetic in origin. “The mutual an¬ 
nihilation of two ether strains [elec¬ 
trical charges] of opposite kinds, i.e., 
the coalescence of a positive and a 
negative ion,” he wrote, “would . . . 
result in the disappearance of a cer¬ 
tain amount of mass . . . [and] the 
process of radioactivity would consist 
in an increase of material energy at 
the expense of the destruction of a 
certain amount of matter.” In other 
words, Jeans thought the energy asso¬ 
ciated with radioactivity resulted 
from the mutual annihilation of posi¬ 
tive and negative charges in the atom. 
It is now accepted that such annihila¬ 
tion would certainly produce energy 
(§ 3.84), but it is very doubtful that 
radioactive energy arises in this man¬ 
ner. 

14.5. An explanation of the energy 
of radioactivity and, in fact, of atomic 
energy in general, can be given in 
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terms of the Einstein relationship con¬ 
cerning the equivalence of mass and 
energy (§3.72). The energy accom¬ 
panying radioactive change is equiv¬ 
alent to the difference between the 
mass of the parent atom, on the one 
hand, and that of the daughter ele¬ 
ment plus the emitted particle (or par- 
tides) on the other hand. It is of 
interest to mention that although Ein¬ 
stein did not consider radioactive en¬ 
ergy in detail, he did indicate in 1905 
that a possible test of the mass-energy 
equation might be found in the study 
of radioactivity. A similar sugges¬ 
tion was made eight years later by 
R, Swinne, in Germany, who thought 
that the Einstein equation might be 
verified by accurate determinations of 
the atomic weights of radioelements. 
However, the effects to be expected 
would be quite small, and conse¬ 
quently difficult to detect, especially 
when working with radioactive ma¬ 
terials. 

14,6. In spite of the absence, at the 
time, of any direct verification of the 
mass-energy relationship, it seems to 
have influenced scientific thought on 
the subject of the origin of atomic 
energy. It was apparently realized that 
the energy of the atom was related to 
the mass changes resulting from the 
packing of its constituent units. In his 
book on The Electron, R. A. Millikan 
says: “Not long after 1905 [when the 
Einstein equation was published] 
packing fractions were discussed in 
many physical laboratories as a source 
of energy ; for, although Aston’s curve 
[Fig. 12.1] did not appear until the 
early twenties, the basic facts of 
'atomic packing-fraction' energy were 
widely discussed and even quantita¬ 
tively worked out for some atoms * * ♦ 
long before that date.” 

14.7. A particular case in point is 
the detailed consideration of the sub¬ 
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ject by W. D. Harkins and E. D. 
Wilson (§ 12.2 footnote) in the United 
States in 1915. Basing their arguments 
on the postulate, which is not com¬ 
pletely correct, that all atoms are built 
up from hydrogen, that is, from equal 
numbers of protons and electrons, they 
associated the stability with the ac¬ 
companying loss of mass and release 
of the equivalent amount of energy. 
The energy released in the formation 
of a gram atom, i.e., 4.00 grams, of 
helium from four gram atoms of hy¬ 
drogen was calculated to be nearly 
10 12 calories, compared with values of 
the order of 10 3 to 10 e calories for 
normal chemical reactions. “Energy 
involved in our ordinary chemical re¬ 
actions,” wrote Harkins and Wilson, 
“is extremely small in comparison 
with that involved in the formation of 
the elements.” 

14.8. It may be mentioned in the 
same connection that in his Presiden¬ 
tial Address to the Mathematical and 
Physical Sciences Section of the British 
Association in 1920, A. S. Eddington, 
the renowned astronomer and mathe¬ 
matician, said: “A star is drawing on 
some vast reservoir of energy. . . . 
This reservoir can scarcely be other 
than the sub-atomic energy which, it 
is known, exists abundantly in all mat¬ 
ter; we sometimes dream that man 
will one day learn how to release it 
and use it for his service.” He then 
went on to suggest that the energy is 
liberated in the stars as a result of the 
combination of hydrogen atoms to 
form the atoms of more complex 
elements, helium, in particular. 

14.9. The publication of Aston's 
packing fraction curve (§ 12.3) in 1927 
revived interest in the problem of 
atomic energy, but the discussion re¬ 
mained somewhat academic until the 
early 1930s when the development 
of various methods for accelerating 


charged particles (Chapter IX) led 
to the discovery of nuclear reactions 
accompanied by the release of large 
amounts of energy. These processes 
differed from radioactivity in the re¬ 
spect that they could be deliberately 
controlled, and were not restricted to 
elements of high mass number. 

14.10. Nevertheless, they offered 
little prospect for the practical utili¬ 
zation of atomic energy. The reason 
may be given in the words of Ruther¬ 
ford, as expressed in his lectures oh 
The Newer Alchemy , published in 
1937: “The energy release in the trans¬ 
formation of an atom, of lithium by 
deuterons [in the Li 6 (d,a) He 4 reac¬ 
tion] is 22.5 million [electron] volts, 
nearly twice as great as the energy 
emitted during the disintegration of 
any radioactive atom. Since transfor¬ 
mation can be produced by a d&iteron 
of energy 20,000 volts, it is clear that 
there is a large gain of energy in the 
individual process. On the other hand, 
only about one deuteron in 10 8 is 
effective, so that on the whole far more 
energy is supplied than is emitted as 
a result of the transformation. . . . 
[Consequently,] the outlook for gain¬ 
ing useful energy by artificial proc¬ 
esses of transformation does not look 
promising.” 

14.11. In his Sigma Xi lectures on 
Atoms , New and Old } delivered in 
1938, E. O. Lawrence (see § 9.53) ex¬ 
pressed his views on the prospect of 
utilizing atomic energy as follows: 
“Whether it will be possible to release 
subatomic energy on a practical and 
profitable basis ... [is a question*] 

. . . of interest to everyone, and ac¬ 
cordingly this has been a subject for 
much popular discussion and specu¬ 
lation. The fact is, at this time, that 
although we now know that matter 
can be converted into energy, we are 
aware of no greater prospect of de- 
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straying nuclear matter for power pur¬ 
poses than of cooling the ocean . . . 
and extracting the heat, for profitable 
work. . . - The establishment of the 
great principle of mass-energy equiva¬ 
lence is, however, a keystone in the 
development of physical theory.” 

Nuclear Fission as a 
Source of Energy 

14.12. Early in 1939, the outlook 
concerning the possibility of convert¬ 
ing mass into energy was suddenly 
changed by the discovery of nuclear 
fission (Chapter XIIIh In the fission 
of uranium a thermal neutron, with 
energy of about 0.03 ev, releases about 
200 Mev, so that several billion times 
as much energy is produced as is car¬ 
ried by the incident particle. But, 
the importance of nuclear fission does 
not lie in this fact alone. The essen¬ 
tial point is that the process is accom¬ 
panied by the liberation of neutrons 
which are capable of causing fission of 
other uranium nuclei (§ 13.37) ; these 
can produce more neutrons which 
cause further fission and so on. Thus, 
in principle, a single neutron could 
start off a branching chain of fissions, 
the number of nuclei involved increas¬ 
ing at a tremendous rate. 

14.13. Suppose, for simplicity, that 
for each nucleus suffering fission two 
neutrons are liberated; if each of these 
causes fission, with the release of two 
neutrons in each case, there will be 
four neutrons available. These could 
induce fission in four more uranium 
nuclei, accompanied by the emission 
of eight neutrons, the chain continu¬ 
ing, in theory, until no more fission¬ 
able nuclei remain. 
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14.14. The fission process would 
thus differ from other nuclear reac¬ 
tions in a highly significant respect: 
whereas, in the latter cases each inci¬ 
dent particle causes the transmutation 
of a single nucleus only, in the former, 
one neutron could, conceivably, lead 
to the fission of all the uranium in the 
target. The original neutron would 
thus act like a match applied to com¬ 
bustible material; the heat of the 
match flame causes part of the mate¬ 
rial to burn, and the resulting heat 
induces combustion of other portions, 
until the whole is consumed and its 
energy liberated. Combustion is thus 
a thermal (or heat) chain process. In 
fission, however, the chain is main¬ 
tained by neutrons. 

14.15. Before proceeding further 
with a discussion of the possibilities 
of nuclear fission, it is of interest to 
calculate the amount of energy in¬ 
volved in terms of units more familiar 
to the engineer than are those of the 
physicist. It was seen in § 3.33 that 
1 Mev is equivalent to 1.60 X 10 _G 
erg, so that the approximately 200 
Mev liberated in a single fission is 
equal to 3.20 X 10“ 4 erg, which is 
3.20 X 10' 11 watt-sec.* It conse¬ 
quently requires 3.1 X 10 10 fissions to 
release 1 watt-sec. of energy; in other 
words, fissions at the rate of 3.1 X 
10 10 per sec. produce 1 watt of power. 

14.16. If the energy released per 
fission is multiplied by the Avogadro 
number, 6.02 X 10 23 (§ 1.60), the re¬ 
sult, 6.02 X 10 23 X 3.20 X 10- 4 = 1.93 
X 10 20 ergs, or 1.93 X 10 13 watt-sec., 
is the energy liberated in the fission 
of 1 gram atom,t i.e., of 235 grams of 
uranium-235, 233 grams of uranium- 


* The watt ie a unit of power, i.e., a rate of production or expenditure of energy, equal to 
10 7 ergs per sec.; a kilowatt is 1000 watts. Other practical units frequently used are the 
horse-power, which is 746 watts, and the British Thermal Unit (B.T.U.) of energy, which is 

t One gram atom, i.e., the atomic weight in grams, contains ( 2 X 10 individual atoms 
(or nuclei), this being the Avogadro number, 
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233 or 239 grams of plutonium-239. 
Neglecting the small mass difference 
between the three fissionable species, 
it follows that the complete fission of 
1 gram releases 8.2 X 10 17 ergs, which 
is 8.2 X 10 10 watt-sec. or 8.2 X 10 7 
kilowatt-sec.; this is equivalent to 
8.2 X 10 7 /3600 = 2.3 X 10 4 kilowatt- 
hours, or 2.3 X 10 4 /24 = 0.96 X 10 3 
kilowatt-days. The power production 
corresponding to the fission of 1 gram 
of uranium or plutonium per day 
would thus be 0.96 X 10 3 kilowatts or 
roughly 1000 kilowatts, i.e., 1 million 
watts or 1 megawatt. To obtain the 
same amount of heat by combustion 
would require more than 3 tons of coal 
or nearly 700 gallons of fuel oil. This 
comparison shows the much larger 
order of magnitude of nuclear energy 
as compared with chemical energy 
(§12.9). 

The Nuclear Chain Reaction 

14.17. The possibility of a nuclear 
chain reaction accompanying the fis- ! 
sion of uranium by neutrons was con¬ 
sidered in March 1939 by H. von 
Halban, F. Joliot and L. Kowarski 
in France, by E. Fermi in the United 
States, and undoubtedly by other 
physicists both in Europe and Amer¬ 
ica. If such a chain reaction could be 
actually realized, then there was some 
prospect that the release of atomic 
energy or, more correctly, nuclear 


energy,* might become a practical 
and economic possibility. Naturally, 
the subject attracted widespread and 
enthusiastic interest in the world of 
science, but there was one aspect which 
was the subject of serious considera¬ 
tion. If the fission energy were lib¬ 
erated in a short time interval, as jt 
might well be, since nuclear processes 
are rapid, the chain reaction might 
lead to a catastrophic explosion.f 

14.18. If, as suggested above, the 
number of neutrons, and hence of nu¬ 
clei undergoing fission, is doubled in 
each generation, then starting with a 
single neutron the numbers would in¬ 
crease steadily, thus, 1, 2, 4, 8, 1&, 
32, 64, . . . In eighty generations 
there would be 10 24 neutrons present 
in the system, sufficient to cause the 
fission of every uranium nuejeus in 
more than a gram atom, i.e., in about 
240 grams, of uranium. The total en¬ 
ergy released would then be equivalent 
to about 5 million kilowatt-hours— 
triggered by a single neutron with a 

! negligible amount of energy! 

14.19. The time required for the ac¬ 
tual fission process is very small, and 
so the interval between successive gen¬ 
erations would be determined by the 
time taken for a free neutron to be 
captured by a uranium nucleus. Sup¬ 
posing this to be about 10 -8 sec. for 
a fast neutron, then, the eightieth gen¬ 
eration, in which 10 24 neutrons were 
formed, would be attained in less than 


* Since the energy of fission is actually due to a decrease of nuclear mass, resulting from a 
rearrangement of protons and neutrons, it should strictly be called nuclear energy: Never¬ 
theless, the general, historical name “atomic energy,” which is widely used, although not 
quite so precise, is justifiable because the nucleus is part of the atom. 1 .1 

t As far back as 1934, the Hungarian-born physicist, L. Szilard, then resident in England, 
conceived the idea of a neutron chain based on the reaction Be B (n, 2n) Be 8 (or 2He 4 ), in 
which one neutron is captured and two are released, accompanied by the liberation of 
energy. In the following year, a patent application was filed in England, part being classified 
as secret and assigned to the British Government. The reason for the secrecy was Szilard’s 
conviction that, if a nuclear chain reaction were possible, it could be used to produce 
violent explosions. Although the general ideas were correct, it is now known that a neutron 
chain reaction with beryllium is iu>( possible, The reason is that neutrons of high energy 
are required for the in, 2n) reaction, but Hip neutrons liberated have relatively low energies, 
ho Mmi a chum mu Id not be maintained. 
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a millionth part of a second. The j 
release of an enormous amount of en¬ 
ergy in such a short interval of time 
would result in a tremendous explo¬ 
sion. It should be borne in mind, how¬ 
ever, that this energy calculation has I 
been based on the postulate that every 
neutron liberated in the fission of each I 
uranium nucleus goes on to produce 
fission in other nuclei. Actually, as 
will be explained below, a proportion 
of the neutrons are absorbed in non¬ 
fission capture processes, while others 
escape from the system altogether. 
The situation is, therefore, not as 
simple as has been implied; neverthe¬ 
less, provided the loss of neutrons is 
not too great, the possibility of a chain 
reaction and of an explosion still 
exists. 

14.20. In general, during the early 
months of 1939, scientists were divided 
into two camps: those who doubted 
the feasibility of a nuclear chain reac¬ 
tion, on the one hand, and those, on 
the other hand, who considered a fis¬ 
sion chain possible, although it would 
not necessarily lead to an explosion. 
It was thought that if a uranium salt 
were dissolved in water, the fast neu¬ 
trons which are formed in fission would 
be slowed down so that the rate of 
the propagation of the nuclear fission 
chain would be diminished; thus the 
chance of an explosion would be less¬ 
ened. Further, it was suggested by 
F. Adler and H. von Halban and, 
independently, by F. Perrin in France 
that the introduction into the ura¬ 
nium-water system of a substance like 
cadmium, which is a strong absorber 
of slow neutrons (§ 11.98), would per¬ 
mit the chain reaction to be controlled. 
The removal of sufficient neutrons 
would obviously interfere with the 
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propagation of the chain and could 
even stop it completely. 

Possibility op an Atom Bomb 

14.21. The foregoing ideas were 
largely based on speculation; it was 
clear that further experimental data 
were necessary before any definite 
conclusions could be reached. It ap¬ 
peared reasonably certain that while 
a devastating explosion could be 
avoided, by the use of water or other 
material to slow down the neutrons, 
and by including in the system a sub¬ 
stance with a high cross section for 
absorption of slow neutrons, it could 
not be stated definitely that the condi¬ 
tions for fission chain propagation 
could be established. However, by the 
middle of 1940, sufficient information 
had been accumulated that made it 
seem not unlikely that under appro¬ 
priate conditions the chain reaction 
could be controlled, by the use of slow 
neutrons. Alternatively, a fast-neutron 
fission chain might be made to take 
place with extreme rapidity thus mak¬ 
ing possible an atomic energy bomb, 
generally referred to as an atomic 
bomb , of tremendous power.* 

14.22. In view of this prospect, it 
was decided, in the interest of national 
security, to withhold the publication 
of any discoveries relating to nuclear 
fission. As seen in Chapter XIII, it 
was then generally known that ura¬ 
nium-235, the isotope present to the 
extent of only 0.72 per cent, i.e., one 
part in 139, in ordinary uranium, is 
fissionable by slow (thermal) neu¬ 
trons, and to a lesser extent by fast 
neutrons, the fission cross section of 
the neutrons decreasing as their speed 
or energy increases. The most abun¬ 
dant uranium isotope, of mass num* 


* The detailed history of the project which led to the production of such bombs is given 
by B. D. Smyth in his report on Atomic Energy for Military Purposes (see 9 8.83 footnote). 
The report covers the materia! in 14.12 through 9 14.84 of this chapter, 
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ber 238, however, does not undergo 
fission with slow neutrons, but does so 
when subjected to the action of fast 
neutrons. It was also known in 1939 
that, for each uranium-235 nucleus 
suffering fission by slow neutrons there 
are expelled between two and three 
neutrons of high energy; the largest 
proportion of these are the prompt 
neutrons emitted virtually simultane¬ 
ously with the fission process, but a 
small fraction, about 0.75 per cent, are 
delayed neutrons. 

14.23. These facts all had a bearing 
on the practicability of the nuclear 
chain reaction; in addition, by the end 
of 1940 or early 1941, other informa¬ 
tion of considerable significance came 
to light. The uranium-238 nucleus was 
known to have an appreciable cross 
section for the resonance capture of 
slow neutrons of 5 to 100 ev energy, 
leading to the formation, by the (n,y) 
process, of uranium-239 (§ 11.49). 
Consequently, although uranium-238 
would not suffer fission when exposed 
to slow neutrons, it could capture some 
of the neutrons in the system and thus 
interfere with the propagation of the 
fission chain of uranium-235. It is 
probable that slow neutrons would 
produce fission in uranium-239, but 
this artificial isotope has a half life of 
only 23.5 minutes, decaying with the 
emission of a negative beta-particle 
to form neptunium-239. The latter is 
also beta-active, its half life being 2,3 
days, yielding as product the highly 
important, long-lived, artificial nu¬ 
clide, plutonium-239; as seen in Chap¬ 
ter XIII, this substance undergoes fis¬ 
sion with slow, and hence also with 
fast, neutrons/ 

f 14.24. Although uranium-238 is fis¬ 
sionable by fast neutrons, it did not 
seem probable that a fast-neutron 
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! fission chain could be maintained 
either in this material or in natural 
uranium. In addition to the nonfission 
capture of neutrons by uranium-238, 
there is another, more important, rea¬ 
son for this situation. As a result of 
inelastic collisions with uranium 
(§11.61), the energy of the fission 
neutrons is very rapidly reduced to 
below 1 Mev, when they are no longer 
able to cause appreciable fission in 
uranium-238. On the other hand, ura¬ 
nium-235 is fissionable by neutrons of 
all energies; even if the fast neutrons 
accompanying fission are slowed down 
to some extent, the fission chain cap 
still be maintained. Hence, uranium 
considerably enriched in the isotope of 
mass number 235 might be used in the 
so-called atomic bomb. Since there is a 
loss of neutrons by escape frqm the 
exterior surface, the relative impor¬ 
tance of which decreases with increas¬ 
ing size, it appeared that a certain 
minimum quantity of fissionable ma¬ 
terial would be necessary if the chain 
propagation, leading to an explosion, 
was to be maintained (§ 14.79);. Pre¬ 
liminary estimates indicated that this 
minimum might be somewhere be¬ 
tween 1 and 100 kilograms of pure t 
uranium-235. 

14.25. According to the calculations 
in § 14.16, the energy liberated by 
the complete fission of 1 kilogram, 
i.e., 2.2 pounds, of uranium-235 would 
be approximately 8.2 X 10 20 ergs (or 
2 X 10 10 kilocalories), which is roughly 
equivalent to the energy developed in 
the explosion of 20,000 tons of T.N.T. 
In view of the tremendous potential¬ 
ities of an atomic (nuclear energy) 
bomb, even if only a few per cent of 
its energy could be released explo¬ 
sively, it appeared desirable, in spite 
of the obvious difficulties of the task, 


* The properties of neptunium, plutonium and other true transuranium elements will be 
described in more detail in Chapter XVI. 
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to consider the prospects for the large* 
scale separation of uranium-235 from 
ordinary uranium. An investigation 
uf the problem was initiated in the 
summer of 1940 ; several methods were 
tried out, as mentioned in Chapter 
VIII, of which the gaseous diffusion 
procedure with uranium hexafluoride 
proved to be the most successful, 
14.26- Simultaneously with the in¬ 
terest in the separation of uranium- 
235, a study was made of plutonium- 
239 which was obtained as a result of 
the action of neutrons on the abundant 


Atomic Energy Chap. XIV 

uranium-238 isotope, as stated above. 
Since plutonium was believed to be 
fissionable by both slow and fast neu¬ 
trons, it w F as realized that it might 
provide an alternative to uranium-235 
for use in an atomic bomb. Hence, 
consideration was given to the feasibil¬ 
ity of producing plutonium in appreci¬ 
able amounts. This matter is con¬ 
nected with the problem of the opera¬ 
tion of a controlled chain reacting 
system, and so it will be examined 
I more fully in § 14.63 et seq. 


THE NUCLEAR CHAIN-REACTING SYSTEM 


Conditions for Controlled 
Chain Reaction 

14.27. In order to ascertain whether 
a controlled slow -neutron chain reac¬ 
tion was feasible, it was first neces¬ 
sary to decide upon a suitable sub¬ 
stance to reduce the speed of the neu¬ 
trons, that is, to act as a moderator 
(§11.36). Ftoiu preliminary experi¬ 
ments, made by H. von Halban and 
his associates in France, it appeared 
that a chain reaction might be main¬ 
tained with slow neutrons and a solu¬ 
tion of a uranium salt in ordinary 
water. It wuis soon realized, however, 
that the relatively large cross section 
for the absorption of slow neutrons by 
hydrogen rules out the use of w r ater as 
a moderator, at least with uranium 
containing the usual proportions of the 
isotope of mass number 235. 

14.28. Of the other substances men¬ 
tioned in Chapter XI as possible mod¬ 
erators, heavy water (deuterium ox¬ 
ide) and carbon appeared to offer the 


best prospects. Beryllium would have 
been suitable, but there seemed little 
hope of obtaining adequate amounts 
in pure form. The French workers evi¬ 
dently decided to experiment with 
heavy water * but in the United 
States, at the suggestion of E. Fermi 
and L. Szilard, efforts were concen¬ 
trated on carbon, in the form of 
graphite, as a moderator, because of 
its availability. At the same time steps 
were taken, in conjunction with 
Canadian scientists, to speed the large- 
scale production of heavy water 
(§8.117), However, because of the 
successful results obtained with graph¬ 
ite, and also because of the conven¬ 
ience of using a solid moderator, heavy 
water played a relatively minor role in 
the wartime atomic energy project. 
Since it lias many advantages as a 
moderator, it has been extensively 
employed in later years. 

14.29. During the war, German sci¬ 
entists, directed by W. Heisenberg 


-a 

1939 for » Swum putunl, n nuclear reactor using heavy water ihw torn tor. 
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(see § 3.46), tried a system consisting 
of a large number of uranium metal 
cubes, total weight 1.5 tons, suspended 
in a tank containing 1.5 tons of heavy 
water, with a graphite reflector. Ac¬ 
cording to Heisenberg, this was still 
too small to maintain a fission chain. 
But, before any increase in the amount 
of uranium was possible, the village of 
Haigerloch, where the later experi¬ 
ments were being conducted in a cellar 
cut out of solid rock, was occupied by 
U. S. troops on April 22, 1945. 

14.30. For the maintenance of a 
chain reaction it is not necessary that 
every neutron produced in fission 
should be able to initiate another fis¬ 
sion. The minimum condition is that 
for each nucleus undergoing fission 
there shall be produced, on the aver¬ 
age, at least one neutron which causes 
fission of another nucleus. This condi¬ 
tion is conveniently expressed in terms 
of a multiplication factor or reproduc¬ 
tion factor of the system, defined as 
the ratio of the number of neutrons 
of any one generation to the number 
in the immediately preceding genera¬ 
tion. If the multiplication factor, rep¬ 
resented by fc, is exactly equal to, or 
somewhat greater than, unity a chain 
reaction will be possible, but if k is 
less than unity, even by a very small 
amount, the chain cannot be main¬ 
tained. Suppose, for example, a partic¬ 
ular generation starts with 100 neu¬ 
trons; if the multiplication factor is 
unity, there will be 100 neutrons at 
the beginning of the second generation, 
100 at the third, and so on. Once it 
has started, the fission will continue i 
at the same rate as at the commence¬ 
ment. 

14.31. If k is greater than unity, 
say, 1.05, it would be possible to start 
with 100 neutrons, which would pro¬ 
duce 100 X 1,05, i.e., 105 at the com¬ 
mencement of the second generation; 


105 X 1.05 at the third; and, in gen¬ 
eral, 100 X (1.05) n_1 at the nth gen¬ 
eration. This would mean, with n 
equal to 100, for example, that the 
hundredth generation would start with 
about 13,000 neutrons. A few neutrons 
could thus initiate a rapidly growing 
chain of fissions; to prevent such a 
chain from going out of control^ a neu¬ 
tron absorber could be introduced into 
the system. On the other hand, if the 
multiplication factor were less than 
unity, 0.95 for instance, the number of 
neutrons would be reduced from 100 
at the beginning to 95 at the com¬ 
mencement of the second generation, 
95 X 0.95 at the third, and so on. At 
the start of the hundredth generation 
there would be, on the average, less 
than one neutron available for .fission. 
It is obvious, therefore, that thp chain 
cannot be propagated under these con¬ 
ditions. 

14.32. The value of the multiplica¬ 
tion factor in any system consisting 
of uranium and a moderator depends 
on the relative extents to which the 
neutrons take part in four main proc¬ 
esses. These are: (a) complete loss of 
neutrons by escaping from the system; 

( b ) nonfission capture, as a result of 
the (ft,y) reaction with uranium-238, 
the abundant isotope; (c) nonfission 
capture, often referred to as parasitic 
capture , by the moderator and by va¬ 
rious extraneous substances, such as 
impurities in the uranium and in the 
moderator, and by fission products; 
and, finally, ( d ) fission capture of 
slow neutrons by uranium-235, or of 
fast neutrons by both uranium-238 
and uranium-235. In all four of these 
processes neutrons are removed from 
the system, but other neutrons are 
generated in the fourth process, i.e., 
the fission reaction, to replace them. 
Hence, if the number of neutrons pro¬ 
duced in the latter prooess exceeds the 
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total number lost by escape and by 
fission and nonfission capture, there 
will be a net gain of neutrons in each 
generation. The multiplication factor 
will then exceed unity and a chain 
reaction should be possible, at least in 
principle. x 

14.33. Several procedures have been 
suggested for calculating the multipli¬ 
cation factor for a given uranium- 
moderator system. The most straight¬ 
forward of these is the one proposed 
by E. Fermi and developed by him¬ 
self, and by E. P. Wigner and others 
associated with the wartime atomic 
energy project in the United States. 
It is not possible here to do more than 
outline the general approach to the 
problem. 

The Infinite Medium 

Multiplication Factor 

14.34. Of the four neutron processes 
mentioned in § 14.32, the last three, 
namely, (6), (c) and ( d ), are de¬ 
pendent only upon the composition of 
the chain-reacting system, i.e., upon 
the nature of the materials present, 
their relative amounts and their ar¬ 
rangement. The first process, that is, 
the escape of neutrons, frequently 
referred to as neutron leakage, is in¬ 
fluenced, however, by the geometry, 
i.e., by the size and shape of the sys¬ 
tem. It is convenient, therefore, to 
divide the multiplication factor into 
two parts, one of which is a property 
of the materials and the other of the 
geometry. The former is called the 
infinite medium multiplication factor 
and is represented by the symbol /c*. 
It is defined as the ratio of the number 
of neutrons of any one generation to 
the number in the immediately pre¬ 
ceding generation in a system of in¬ 
finite size. Hence, in view of the defini¬ 
tion of the multiplaction factor k in 
§ 14.30, it is seen that k * is the value 
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in a system so large that there is no 
loss of neutrons by leakage. It is 
then possible to write 

k P, 

where P, called the nonleakage proba¬ 
bility, depends upon the geometry; it 
is the probability that fission neutrons 
will remain in the system of finite 
size and not escape before being ab¬ 
sorbed. In order to distinguish the two 
factors k and fc M , the former is gen¬ 
erally known as the effective multipli¬ 
cation factor. 

14.35. A convenient way of express¬ 
ing the infinite medium multiplication 
factor, in terms of measurable or cal¬ 
culable quantities, is to consider the 
fate of any particular generation of 
neutrons. Suppose that n fast neutrons 
are present in the system at the begin¬ 
ning of this generation, in a system 
consisting of natural uranium and 
a moderator, such as graphite. Before 
their velocity is decreased appreciably, 
a few of these neutrons will cause fis¬ 
sion of uranium-238 nuclei, and also, 
in view of their smaller proportion, of 
a negligible number of uranium-235 
nuclei. Since more than one fast neu¬ 
tron is liberated in each act of fission, 
this will result in a slight increase in 
the number of available neutrons. 
Allowance for the effect may be made 
by multiplying n by a quantity e, 
which is called the fast fission factor, 
having a value slightly in excess of 
unity, frequently about 1.03. 

14.36. As the nc neutrons move 
through the uranium-moderator sys¬ 
tem, they will undergo many elastic 
collisions with nuclei of the moderator 
(graphite), and inelastic collisions 
with uranium nuclei, as a result of 
which their energy, and speed, is 
rapidly decreased. While they are 
slowing down through the resonance 
region of uranium-238, which extends 
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from about 6 to 200 ev, there is a 
chance that some neutrons will be cap¬ 
tured. Allowance for this can be made 
by means of a factor p, named the res¬ 
onance escape probability. It is always 
less than unity, and is a measure of 
the probability that any fast neutron 
will reach the thermal region without 
suffering nonfission capture. Conse¬ 
quently, n*p is the number of fast 
neutrons, compared with the n orig¬ 
inally entering the system, which sur¬ 
vive thermalization by the moderator. 
The value of p, as will be seen below, 
depends largely on the relative pro¬ 
portions of the graphite and uranium 
in the system, as well as upon their 
arrangement. When the energy of the 
neutrons has been reduced to the ther¬ 
mal region, they will diffuse in the 
moderator, the distribution of en¬ 
ergy remaining essentially constant 
(§11.39), until they are ultimately 
absorbed either by the uranium, by 
the graphite or by any impurities or 
other substances which may be pres¬ 
ent. If /, referred to as the thermal 
utilization factor, is the fraction of 
the thermal neutrons taken up by 
uranium nuclei, some of which un¬ 
dergo fission, it follows that nepf rep¬ 
resents the number of neutrons in¬ 
volved in this process. The thermal 
utilization factor, like the resonance 
escape probability, is governed by the 
composition of the uranium-graphite 
mixture, and also by its arrangement. 

14.37. Finally, let r) be the average 
number of fast neutrons produced by 
fission for each thermal neutron ab¬ 
sorbed by the uranium, then Tupfrj is 
the number of fast neutrons produced 
as the result of the admission of the n 
original neutrons to the system. The 
n fast neutrons of the first generation 
have thus produced yupfa similar neu¬ 
trons of the second generation, so that 
the infinite medium multiplication fac- 
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tor fc x is, according to its definition, 
given by 

K = ^ = *vh- (14.1) 
n 

In the design of a self-sustaining, 
chain reacting system it is necessary, 
as seen above, to make it practical for 
this quantity to be somewhat greater 
than unity. 

14.38. In order to make sure that 
the nuclear reaction chain will propa¬ 
gate itself, once it has been initiated, 
both p and f should be as large as pos¬ 
sible, although they are, of course, al¬ 
ways less than unity. It is an unfor¬ 
tunate circumstance that such changes 
in the relative proportions of uranium 
and the moderator as cause ,one of 
these factors to increase, resujt in a 
decrease of the other. If the system 
contains a large amount of moderator 
as compared with the uranium, the 
resonance escape probability p Will be 
increased, since there is a greater 
chance that the neutrons will reach 
the thermal region without suffering 
nonfission capture by uranium-238. 
Conversely, a smaller proportion of 
uranium, and hence of U 235 nuclei, in 
the system means that the thermal 
utilization factor f will be diminished. 
Similarly, it can be readily seen that 
if the ratio of moderator to uranium 
is decreased, the value of p will also 
decrease, but / will increase at the 
same time. In actual practice, there¬ 
fore, it is necessary to find the par¬ 
ticular composition of the system 
which gives the maximum value fdr 
the product pf , if the chain reaction 
is to be maintained. 

14.39. One fairly obvious way in 
which the difficulty concerning the op¬ 
positely directed changes in p and / 
could be overcome would be to use 
“enriohed” uranium, that is, uranium 
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containing a greater abundance than 
normal of the isotope of mass num¬ 
ber 235. This would have the effect 
of increasing both p and / for a given 
proportion of moderator, since the 
chances of escaping resonance captuic 
bv U'- 38 and of causing thermal fission 
of U 235 would both he greater. By em¬ 
ploying enriched uranium it is there¬ 
fore possible to decrease the amount 
of moderator and still have a con¬ 
trollable chain reaction. Reference to 
the use of enriched, chain reacting 
systems of this kind will he made m 
Chapter XV. 

Homogeneous and Heterogeneous 
Systems 

14.40. In the foregoing discussion, it 
has been mentioned that the values of 
both p and / are dependent upon the 
arrangement of the uranium and 
moderator. The simplest arrangement 
would be a uniform mixture of the 
graphite and uranium, either as metal 
or a compound. This is referred to as 
a homogeneous system. But calcula¬ 
tions, based on measured neutron ab¬ 
sorption and scattering cross sections 
at various energies, showed that, the 
maximum possible value for in a 
homogeneous system of natural ura¬ 
nium and graphite is 0.80. Conse¬ 
quently, the maintenance of a chain 
reaction would be impossible. Tor- 
tunately, however, Fermi and Szilard 
realized that, for a given uranium- 
graphite composition, the infinite me¬ 
dium multiplication factor might be 
increased by building a heterogeneous 
system, that is, a lattice consisting of 
fairly large lumps of uranium (or ura¬ 
nium oxide) imbedded in a mass u) 
graphite, 

14.41. Upon entering a lump of ura¬ 
nium, neutrons with energies in the 
resonance region, where the cross sec¬ 
tions arc very high, are essentially nil 
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captured in the outer layers. As a re¬ 
sult, the material in the interior is 
shielded from resonance neutrons; the 
resonance absorption of neutrons by 
uranium nuclei in a lump is conse¬ 
quently appreciably less than if the 
uranium was dispersed in the form oi 
single atoms or as very small particles. 
Hence, the use of a lattice consisting 
of lumps of uranium increases the 
value of p, the resonance escape prob¬ 
ability. It is true that there is an ac¬ 
companying decrease in the thermal 
utilization factor /, but this is rela¬ 
tively small. Theoretical calculations, 
which have been confirmed by experi¬ 
mental measurements, show that, at 
least with lumps up to a certain size, 
the gain in p more than offsets the 
decrease in f, so that the product pf is 
increased by using relatively large 
pieces of uranium. The maximum 
value for fc., with the optimum ar¬ 
rangement of uranium in the graphite 
lattice, was estimated to be 1.07, so 
that a heterogeneous chain reacting 
system should be possible with these 
materials. 

Critical Size of a 
Chain-Reacting System 

14,42. The requirement for the 
maintenance of a fission chain is that 
the effective multiplication factor k 
must be at least equal to unity 
(§ 14.30). Since, in the case considered 
above, k * has a maximum value of 
1.07, it follows that the nonleakage 
probability P must not exceed 0.93; 
that is to say, the rate of loss of neu¬ 
trons by leakage must be kept below 
about 7 per cent of the rate of forma¬ 
tion in the fission process. The pro¬ 
portion of neutrons lost by leakage, 
relative to those which cause fission, 
and so produce more neutrons, can be 
diminished by increasing the size of 
the system. The escape of neutrons 
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occurs at the exterior, but fission takes 
place in the interior of the uranium- 
moderator lattice. The number of neu¬ 
trons lost by escape thus depends on 
the external surface area, whereas the 
number of fission neutrons released is 
determined by the volume. To mini¬ 
mize the loss of neutrons by escape it 
is necessary, therefore, to decrease the 
ratio of area to volume; this can be 
done by having the system as large as 
convenient, preferably in the form of 
a sphere.* 

14.43. The critical size of a system 
containing fissionable material is 
defined as the size for which the num¬ 
ber of neutrons produced in the fission 
process just balances those lost by 
leakage and by capture. The critical 
size is not a constant, but depends on 
the isotopic composition of the ura¬ 
nium, the proportion of moderator, 
the shape and arrangement of the ma¬ 
terials and the presence of various sub¬ 
stances causing parasitic capture of 
neutrons. If a system is smaller than 
the critical size, i.e., sub critical , neu¬ 
trons are lost at a greater rate than 
they are replenished by fission, and so 
a self-sustaining, chain reaction will 
be impossible. It is essential, therefore, 
that the size of the uranium-moderator 
lattice should be equal to or larger 
than the critical value, i.e., supercrit¬ 
ical, if the fission chain is to be main¬ 
tained. Some attempts were made in 
1939, by F. Perrin in France and by 
S. Fliigge in Germany, to calculate 
the critical size for a chain reacting 
system, but the results were of little 
value, partly because the details of 
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the fission process were not clearly 
understood at the time, and partly be¬ 
cause of the lack of the necessary data 
concerning cross sections and other 
nuclear constants. “In principle it was 
possible in 1940,” according to the 
Smyth Report , “to calculate the crit¬ 
ical size, but in practice the uncer¬ 
tainty of the constants involved was 
| so great that the various estimates 
differed widely.” Consequently, a com¬ 
prehensive series of investigations 
were undertaken in order to provide 
the data which would make reliable 
calculations possible.f 

14.44. By the middle of 1941 suf¬ 
ficient information had been accu¬ 
mulated as to make desirable experi¬ 
mental measurements with a small 
uranium-graphite lattice, estimated to 
be from one fifth to one quarter^ of the 
critical size. It was realized that such 
a system would not be chain reacting, 
but by means of calculations based on 

| diffusion theory it would be possible 
to ascertain the multiplication factor 
for an infinite lattice of the same types. 
With fc. known, the maximum! value 
of the nonleakage probability could 
be estimated and, hence, the critical 
size calculated for a given shape. 

14.45. In addition to the factors 
mentioned above which affect the crit¬ 
ical size, it was suggested that neutron 
loss could be minimized, and hence 
the critical size of the system reduced, 
by surrounding the latter with a neu¬ 
tron reflector. Any substance which is 

| suitable as a moderator, such as car¬ 
bon or beryllium (or its oxide), can 
be used as a reflector, for it can slow 


, *For a given volume, a sphere has the smallest possible area. If r is the radius, the area 
is 4tt r* ana the volume iwr/Z, so that the ratio area/volume is 3/r, which decreases as the 
radius, and hence the size, is increased. 

t This work was done in the United States in connection with the project for the use of 
atomic energv for military purposes. The details are given in the Smyth Report, which 
) states that “the attainment of a slow neutron chain reaction seemed a necessary preliminary 
step in the development of our knowledge and became the first objective of the group inter¬ 
ested in the problem fof a uranium fission bomb].” 
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down fast neutrons, which might 
otherwise escape, without absorbing 
them to any appreciable extent. Many 
of the slowed down neutrons, as well 
as slow neutrons which have escaped 
from the chain-reacting system itself, 
called the core, are then scattered 
back by collisions with the nuclei of 
the reflector material. 

14.46. The first experimental lattice 
structure of uranium and graphite was 
erected about July 1941, at Columbia 
University, under the supervision of 
Fermi. It was a cube of graphite, with 
an 8-foot edge, containing about 7 
tons of uranium oxide in iron vessels 
distributed at equal distances through¬ 
out the cube. A radium-beryllium 
source of neutrons (§ 11.14) was 
placed near the bottom of the ura¬ 
nium-graphite lattice, and the number 
of neutrons measured at various 
points throughout the structure. From 
the data so secured, the value of the 
infinite medium multiplication factor 
was calculated, as mentioned above. 

14.47. The results obtained with the 
first lattice are not recorded, but a 
second, similar, but larger, structure, 
set up at Columbia University in Sep¬ 
tember 1941, gave a fc w value of 0.87. 
In view of the fact that the uranium 
oxide contained from 2 to 5 per cent 
of impurities, including boron which 
has a high cross section for capture of 
both slow and moderately fast neu¬ 
trons (Fig. 11.9), the result, although 
less than unity, was not decisive. Ef¬ 
forts were consequently made to ob¬ 
tain materials of greater purity, and, 
by May 1942, uranium dioxide with 
total impurities under 1 per cent was 
available; this gave an infinite me¬ 
dium multiplication factor of 0.98 
with a graphite moderator, so that the 
goal of unity was being rapidly ap¬ 
proached. 
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The Chicago Chain-Reacting Pile 

14.48. Definite indication that a 
chain reaction was possible in a ura¬ 
nium oxide-graphite lattice was ob¬ 
tained in July 1942, when a value of 
1.07 was calculated for the infinite 
medium multiplication factor. It 
should be understood that no actual 
chain was propagated in this system, 
because it was below the critical size, 
but the results indicated that a suffi¬ 
ciently large structure, of the same 
general type, would maintain a nu¬ 
clear fission chain. Since the oxygen 
in the uranium oxide captures neutrons 
to some extent, it was to be expected 
that an infinite medium multiplication 
factor appreciably greater than unity 
could be achieved by using uranium 
metal in place of the oxide. 

14.49. To insure the propagation of 
the chain it was desirable to secure 
large quantities, of the order of several 
tons, of both uranium and graphite, 
containing no more than a few parts 
per million of impurities. “When it is 
recalled,” says Smyth, “that up to 
1940 the total amount of uranium 
metal produced in this country was 
not more than a few grams and even 
this was of doubtful purity ... it is 
clear that the problem of producing 
and purifying materials was a major 
one.” So little was, in fact, known 
about metallic uranium that its melt¬ 
ing point was recorded as 1850°C, 
whereas the actual value has been 
found to be 1133°C. The problem of 
obtaining graphite was not so formid¬ 
able, as this was already being manu¬ 
factured in large amounts, although 
the purity was not quite up to the 
standard desirable. The presence, for 
example, of one part of boron in 
500,000 of the graphite would nor¬ 
mally have escaped notice, but in a 
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neutron moderator this small amount 
of impurity assumed considerable 
significance. 

14.50. By the use of an ether extrac¬ 
tion method, uranyl nitrate was ob¬ 
tained in a pure form. Upon heating, 
the nitrate is converted into the oxide 
U0 3 , and this can be reduced to U0 2 
with hydrogen gas. “It was a remark¬ 
able achievement,” in the words of the 
Smyth Report , “to have developed 
and put into production [by July 
1942] on the scale of the order of one 
ton per day a process for transforming 
grossly impure commercial oxide to 
oxide of a degree of purity seldom 
achieved even on a laboratory scale.” 
But the problem still remained of con¬ 
verting the oxide into pure metal. The 
commercial processes in use at the time 
gave unsatisfactory products, and it is 
largely due to the efforts of F. H. 
Spedding and his associates at Iowa 
State College that a suitable method 
was developed toward the end of 
1942.* This involved conversion of 
uranium dioxide to the tetrafluoride 
by means of hydrogen fluoride, fol¬ 
lowed by reduction to metallic ura¬ 
nium, by means of calcium or magne¬ 
sium. 

14.51. The production of pure 
graphite proved to be less difficult , 
than of uranium. The process used 
was essentially that already employed 
on a large scale for the manufacture 
of graphite electrodes, except that 
special precautions were taken to 
eliminate impurities. 

14.52. Toward the end of 1942 suf¬ 
ficient pure materials were available 
to justify an attempt to construct, at 
the University of Chicago,f an actual 


chain-reacting system which, ex¬ 
ceeding the critical size, would be self- 
sustaining. The plan was to build a 
cubic lattice of lumps of uranium and 
uranium oxide within a sphere of 
graphite, the amount of pure metal 
available, namely, 12,400 pounds, be¬ 
ing insufficient to fill all the lattice 
points. The graphite was cut in bricks 
and built up in layers, alternate ones 
containing lumps of uranium or oxide. 
Since the structure was made by 
piling one layer upon another, it was 
called a pile . The name was very con¬ 
venient and useful at the time, be¬ 
cause it did not reveal the purpose of 
the structure. During the construction 
of the pile, cadmium strips, acting 
neutron absorbers, were inserted as a 
safety measure, for it was anticipated 
that neutrons produced by spontane¬ 
ous fission (§ 13.19) or derived from 
cosmic rays (Chapter XVIII), might 
otherwise set off the reaction chain at 
the instant the critical size was 
reached. This was a necessary pre¬ 
caution since the multiplication factor 
increased more rapidly than h4d been 
anticipated, and the critical state was 
attained sooner than expected. Con¬ 
sequently, the completed pile, instead 
of being spherical as planned, was an 
oblate spheroid flattened at the top, 
shaped somewhat like a doorknob 
(Fig. 14.1). It contained a total of 40 
tons of uranium and 385 tons of 
graphite. 

14.53. By cautiously withdrawing 
the cadmium strips, and measuring 
the neutron intensity within the pile, 
by means of counters containing boron 
trifluoride {§ 11.26), the approach to 
the critical size could be observed. 


nroitot tiST? 1 the WW associated with the wartime atomic energy 

consists nf d ^ f® i"" 1 * ^ Production of many tons of pure uranium by a group 

State CoflegVat Ames nd 8tudfin B workjn K m a disused building on the campus of the Iowa 

t The construction was carried out in a squash court, under the West Stands of Stagg Field. 
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When the neutron count commenced 
to rise rapidly, while the size of the 
pile was being increased, the multipli¬ 
cation factor was approaching unity. 
On the afternoon of December 2, 1942, 
upon withdrawal of the neutron ab¬ 
sorbing rods, the sharp increase in 
neutron intensity within the pile, de- 
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the chain reaction possible. The pile 
was initially operated at the low 
power of 0.5 watt but on December 
12, 1942, it was raised to 200 watts; it 
could have been increased still further 
but it was decided not to do so, be¬ 
cause of the possible harmful effects 
to personnel of the radiations emitted. 



picted in the historic record repro¬ 
duced in Fig. H.2, showed that a fis¬ 
sion chain was actually being propa¬ 
gated. In the words of Smyth: “So far 
as we know, this was the first time 
that human beings ever initiated a 
self maintaining nuclear chain reac¬ 
tion.” * 

14.54. The actual multiplication fac¬ 
tor of the system was about 1.0006 
with all the neutron absorbers re¬ 
moved; this was sufficient to make 


For this reason, the first chain-re¬ 
acting pile was dismantled in the 
spring of 1943 and reconstructed at 
Palos Park, outside Chicago. The 
original materials, together with some 
additional uranium metal and graph¬ 
ite, were used, but the rebuilt pile, in 
the form of a cube, had adequate ra¬ 
diation shielding and improved safety 
devices. The normal power was about 
2 kilowatts, although it was sometimes 
operated for periods of an hour oi 


* The qualification “ao far as we know” was 

S‘S s .. . b0, ' n 

(tfUbUnhed that. such was not I ho 


429 


The Utilization of Nuclear Energy 


more up to about 100 kilowatts. From 
the data given in § 14.16, it can be 
calculated that when running con¬ 
tinuously at 2 kilowatts the pile con¬ 
sumed only about 0.002 gram of ura¬ 
nium-235 per day. 

Power of Nuclear Reactor 

14.55. Brief mention may be made 
of the method for determining the 
power of a pile, or nuclear reactor , 
as it is now preferably called. By 


of fissionable (uranium-235) nuclei 
per cc., cr is the cross section for fission, 
and V is the volume of the reactor. It 
was seen in § 14.15 that 3.1 X 10 10 
fissions per sec. produce 1 watt of 
power; hence, the power P of a nuclear 
reactor in watts is obtained upon di¬ 
viding the fission rate A , as given by 
equation (14.2), by 3.1 X 10 10 , that is, 


P = 


nvNaV 

3.1 X HP 


watts. 


(14.3) 


TIME 



CONTROL RODS LEVELING OF 

REMOVED INTENSITY INDICATES 
PILE NOT YET 
CRITICAL 


SHARP* DROP DUE 
TO CHANGE IN SGALE 
OF RECORDING 
INSTRUMENT 


SELF SUSTAINING . 
REACTION. EXPONENTIAL 
RISE OF INTENSITY WITH 
NQ EVIDENCE OF 
LEVELING OFF 


SHARP DROP IN 
INTENSITY DUE 
TO INSERTION OF 
CONTROL ROD 1 


Fig. 14.2. Record of neutron intensity obtained with the first chain-reacting system 

on December 2, 1942. 


means of arguments similar to those 
in § 11.76, it can be seen that the total 
number of nuclei A undergoing fission 
per second in the reactor is given by 
an expression identical with the equa¬ 
tion (11.7); thus, 

A ■■ nvNaV , (14.2) 

where n is the average neutron density, 
i.e., the number per cc., v is the aver¬ 
age speed, so that nv is the average 
neutron flux; N is now the number 


14.56. The product NV is equal to 
the total number of fissionable nuclei 
in the reactor and this is related to the 
mass g grams by g — 235iVF/(6.02 X 
10 23 ), where 235 is the atomic weight 
of the fissionable material, assumed 
to be uranium-235 and 6.02 x 10 23 is 
the Avogadro number (§1.60). The 
fission cross section tr of uranium-235 
for thermal neutrons is 590 X 10“ 24 
sq. cm., and upon inserting these 
values in equation (14.3), it is found 
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that 

p — 5.6 X 10 -11 gnv 

= 2.5 X 10~ 8 wnv watts, (14.4) 

where w is now the weight of uranium- 
235 in pounds. It is seen from this ex¬ 
pression that the power output of a 
given reactor, containing a definite 
amount of fissionable material, is pro¬ 
portional to the neutron flux, nv. 
Hence, reactor power is generally de¬ 
termined by measuring the appropri¬ 
ate, e.g., thermal, neutron flux by 
means of a suitably calibrated instru¬ 
ment of the type described in § 11.24, 
et seq. 

Control of Nuclear Reactor 

14.57. An important aspect of nu¬ 
clear reactor construction is the nature 
of the controls required to bring the 
reactor up to its normal operating 
level, to maintain it at that level, and 
to shut it down when required. Con¬ 
trols are also necessary to prevent the 
chain reaction from becoming too 
violent. If the effective multiplication 
factor were always exactly unity, the 
number of neutrons present would not 
increase from one generation to the 
next. In this event, there would be no 
flexibility in the operation of the re¬ 
actor. The system must be capable of 
having an effective multiplication fac¬ 
tor exceeding unity, even by a small 
amount, so as to permit an increase in 
the number of neutrons in successive 
generations. However, unless the 
growth is checked at some point, the 
system might disintegrate as a result 
of the too rapid liberation of energy. 

14.58. It may be mentioned that 
there is little likelihood that a reactor 
consisting of ordinary uranium and a 
moderator would actually explode. If 
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the rate of nuclear fission became too 
great, and the heat generated became 
excessive, the system would probably 
break apart. Since each piece would 
then be subcritical, that is, less than 
the critical size, chain propagation 
would cease, and there would be no 
further risk of explosion. The danger 
due to radiations would, however, be 
very considerable. 

14.59. In order to maintain the ef¬ 
fective multiplication factor at unity, 
and the Tleutron density (or flux) con¬ 
stant, once the desired energy level 
has been reached, control rods of cad¬ 
mium or of boron steel are used; both 
boron and cadmium have large cap¬ 
ture cross section for slow neutrons. 
These rods are inserted in the reactor 
to such a depth as will permit them to 
absorb all excess neutrons. In other 
words, when the reactor has reached 
a predetermined power level, the con¬ 
trol rods serve to keep the effective 
multiplication factor at exactly unity. 
If it is required to increase the power, 
the controls are partially removed; 
the multiplication factor then exceeds 
unity, and the neutron density rises. 
When this attains the desired value, 
the controls are inserted to the extent 
necessary to keep the output (or 
power level) constant. When shutting 
down the reactor, the cadmium or 
boron-steel rods are inserted to a con¬ 
siderable depth; they then can capture 
so many neutrons that the effective 
multiplication factor becomes less 
than unity. The neutron density thus 
decreases and the nuclear reaction 
chain is no longer maintained. To 
start up the reactor, all that is neces¬ 
sary is carefully to withdraw a control 
rod, and then readjust it when the 
required output is attained.* 
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* In the preliminary experiments, described above, with system* below the critical size, a 
constant neutron source was employed so that satisfactory measurements could be made. In 
:i exceeding the critical size the fission chain may he initiated by extraneous neu- 

j ro'rin produced in spontaneous fission or present in cosmic ray*. However, many reactors 
iuivo built-in m utruii sources in order tu facilitnlc I he star l -up operation. 
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14.60. Since fission is a virtually 
instantaneous process, it might be 
thought that the neutron density and 
the energy output would increase with 
extreme rapidity, so that mechanical 
control, even if automatic, might not 
be sufficiently rapid. Fortunately, the 
liberation of the delayed neutrons in 
fission, amounting to about 0.75 per 
cent of the total (§ 13.42), has helped 
to overcome this difficulty. Suppose 
that, in general, ft is the fraction of 
the fission neutrons which are delayed, 
so that 1 — ft represents the fraction 
of prompt neutrons. Of the total 
number rj of fast neutrons produced 
for each thermal neutron absorbed, 
(1 — ft) rj are emitted instantaneously, 
and fty are delayed and expelled grad¬ 
ually over several minutes. It follows, 
therefore, that the multiplication fac¬ 
tor may be regarded as consisting of 
two parts: one, equal to fc(l — ft), 
representing the prompt neutron mul¬ 
tiplication factor, and the other, equal 
to kft, due to the delayed neutrons, 
where k is the effective multiplication 
factor. 

14.61. If, in the start-up of a re¬ 
actor, the quantity fc(l — ft) is ad¬ 
justed so as to be just less than, or 
equal to, unity, then the -rate of in¬ 
crease in the number of neutrons from 
one generation to the next will be de¬ 
termined essentially by the rate of 
emission of the delayed neutrons. 
Since ft is actually 0.75 per cent, or a 
fraction 0.0075 of the total, for the 
fission of uranium-235, this condition 
can be realized by having k somewhat 
less than 1.0075, but, of course, greater 
than unity. In these circumstances, the 
neutron density and the power out¬ 
put increase fairly slowly, and control 
by means of neutron absorbers is a 
relatively simple matter. The condi¬ 


tion in which k (1 — ft) is equal to 
unity, so that k is 1.0075, with ura¬ 
nium-235 as the fissionable material, 
is referred to as prompt critical The 
reactor can then become critical on 
the prompt neutrons alone. Hence, in 
the start-up of a reactor, or in any 
circumstances involving an increase pa 
the neutron flux, it is necessary that 
the effective multiplication factor be 
kept fairly well below the prompt 
critical value.* 

14.62. In the construction of a nu¬ 
clear reactor several different controls 
are used. Broadly, these fall into three 
categories. There are the coarse (or 
shim) controls for reactor start-up 
and shut-down and fine (or, regq- 
lating) controls for maintaining a 
steady operating level. Then, there 
are safety (or scram) controls for 
shutting the reactor down rapidly in 
the event of an emergency. Fre¬ 
quently, the same control rods of 
cadmium or boron steel are used for 
coarse control and for safety purposes. 
These rods are held up by electromag¬ 
nets and so they can be dropped 
quickly by switching off the mag¬ 
netizing current. In' the earliest re¬ 
actors, control rods were moved by 
hand (see Fig. 14.1), but electric 
motors are now invariably used. For 
some purposes, the motion of the rods 
is determined by a human operator, 
but for others it may be done auto¬ 
matically. 

Production of Plutonium 

14.63. When it was originally 
planned, the purpose of studying the 
uranium-graphite system was mainly 
to determine whether it was possible 
to realize a nuclear chain reaction. 
However, while the work was in the 
oourse of development, the nuclear 


* In some reaotori, e.s., those based on natural uranium and graphite, the maximum value 
of the effective multiplication factor ii about 1 . 007 , io that they oan never become prompt 
critical. 
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chain reactor acquired an additional 
interest of the greatest significance. 
As already stated, it was known, by 
early 1941, that uranium-238 absorbs 
slow neutrons with the formation of 
the short-lived uranium-239 which is 
ultimately transformed into pluto¬ 
nium-239. Since the formation of the 
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tions were confirmed (§16.4). The 
new element plutonium thus offered 
prospects for use in a nuclear fission 
(atomic) bomb. In a report submitted 
in July 1941, E. 0. Lawrence wrote: 
“An extremely important, new pos¬ 
sibility has been opened for the ex¬ 
ploitation of the chain reaction with 


SLOW 

NEUTRON 



SLOW NEUTRONS 


(CAUSE FISSION OF U 235, 
CAPTURED BY U 230,ETC) 

Fig. 14.3. Schematic representation of fission of uranium- 
235 and capture of neutrons by uranium-238 in a nuclear 
reactor. 


latter element follows two stages of 
beta decay, it appeared that it might 
be an alpha emitter of relatively long 
life, and its even-odd nuclear composi¬ 
tion indicated that it would probably 
be fissionable by slow neutrons 
(§13.69). 

14.64. In experiments carried out at 
the Radiation Laboratory in Berkeley, 
during 1941, both of these expecta- 


unseparated isotopes of uranium. . . . 
It appears that, if a chain reaction 
... is achieved, it may be allowed to 
proceed . . . for a period of time for 
the express purpose of manufacturing 
element 94 [plutonium]. . . . If large 
amounts . . . were available it is 
likely that a chain reaction with fast 
neutrons could be produced. In such a 
reaction the energy would be released 
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at an explosive rate which might be 
described as [a] 'super bomb.' ” 

14.65. If plutonium could be pro¬ 
duced in a chain-reacting system with 
ordinary uranium, it meant that the 
neutrons which suffered nonfission 
capture by uranium-238 would not be 
wasted, for the resulting uranium-239 
would, in a relatively short time, be 
changed into fissionable plutonium- 
239. In a properly designed nuclear 
reactor, containing uranium isotopes 
of mass numbers 235 and 238, the 
nuclei of the former would undergo 
fission; some of the neutrons produced 
would then serve to carry on the 
chain, while others would be captured 
by nuclei of uranium-238, which 
would ultimately change into pluto¬ 
nium. An oversimplified schematic 
diagram of the behavior in such a 
system is given in Fig. 14.3. For pur¬ 
poses of representation, it is assumed 
that three neutrons are produced in 
fission, and that of these one carries 
on the fission chain with uranium-235, 
another is captured by a uranium-238 
nucleus, whereas the third is lost, 
either in other forms of nonfission 
capture or by escape from the system. 

14.66. Since the atomic number of 
plutonium is two units greater than 
that of uranium, it would seem prob¬ 
able that the two elements could be 
separated by a suitable chemical pro¬ 
cedure and the plutonium utilized in 
the construction of an atomic bomb. 
In view of the uncertainty of success 
in the attempts which were then being 
considered to separate uranium-235, 
for the same purpose, plans were made 
in 1942 to investigate the possibility 
of extracting appreciable quantities 
of plutonium from a chain-reacting 
system containing ordinary uranium 
and a moderator. 


14.67. The original Chicago (pile) 
reactor was not suited to the produc¬ 
tion of plutonium, for two reasons: 
j first, since it had no cooling system, 
its maximum safe operating level was 
so low that only the merest traces of 
plutonium would be formed; and, sec¬ 
ond, the use of lumps of uranium and 
of uranium oxide built into the graph¬ 
ite w T ould necessitate dismantling the 
reactor in order to obtain the pluto¬ 
nium. As can be seen from the data in 
§ 14.16, the fission of 1 kilogram of 
uranium-235 per day releases about a 
million kilowatts of power, most of 
which appears in the* form of hea£. 
Suppose, for the sake of the present 
argument, that, for every uranium-235 
nucleus undergoing fission, one of the 
emitted neutrons suffers nonfission 
capture by uranium-238, and so is 
ultimately converted into plutonium- 
239, as indicated in Fig. 14.3. Then 
the fission of 1 kilogram of uranium- 
235 per day wall result in the forma¬ 
tion of approximately 1 kilogram of 
plutonium-239 and the liberation of 
about a million kilowatts of power. 
Hence, a reactor designed for the 
production of 1 kilogram of plutonium 
per day, would release energy, mostly 
as heat, at the enormous rate of a 
million kilowatts* The problem of 
cooling such a reactor is therefore 
considerable. 

Oak Ridge and Hanford Reactors 

14.68. The early plans, made in 
1942, called for the eventual use of 
helium gas in order to cool the produc¬ 
tion reactors, and consequently the 
decision was made to build at Oak 
Ridge, Tenn., an experimental air¬ 
cooled plant of 1000-kilowatts ca¬ 
pacity. This was intended partly to act 
as a pilot plant for large-scale pro- 


* An uverago modern coal-burning unit employed in tlie production of electricity has a 
heat power output of around 500,000 kilowatts, i.e„ 500 megawatts y a a 


























434 


Sourcebook on Atomic Energy Chap. XIV 


duction units, and partly to provide 
some plutonium which was badly 
needed for experimental purposes. Be¬ 
cause of the difficulties associated with 
a gas as coolant in^, large reactor, the 
designs for the latter were changed so 
as to use water for cooling. But the 
construction of the intermediate air¬ 
cooled Oak Ridge reactor* was con- 


nels, represented diagrammatically in 
Fig. 14.4. The metallic uranium is in 
the form of cylinders or slugs enclosed 
in gas-tight aluminum casings; these 
are slid into the channels in the graph¬ 
ite, which are somewhat wider than 
the slugs, thus providing space for the 
flow of air for cooling purposes. When 
the uranium slugs are ready for proc¬ 
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Fig. 14.4. The Oak Ridge nuclear reactor. 


tinued so as to permit the testing of 
possible methods for the chemical sep¬ 
aration of plutonium from the un¬ 
changed uranium and the numerous 
fission products (§ 16.32). 

14.69. In order to make it possible 
to remove the uranium without dis¬ 
mantling the reactor, the latter was 
redesigned, with some small loss of 
efficiency. The Oak Ridge reactor was 
thus built as a cube of graphite con¬ 
taining a number of horizontal chan¬ 


essing, they are pushed out at the back 
of the reactor, while new ones are fed 
in at the front. Control of the neutron 
density is achieved by means of boron- 
steel rods, and there is heavy shielding 
to protect operating personnel from 
the harmful effects of penetrating neu¬ 
trons and gamma radiations (Chap¬ 
ter XIX). 

14.70. It might be imagined that 
the uranium slugs could be left in the 
reactor until all the uranium-235 had 


*This was originally known as the “Clinton pile,” after the town of Clinton, Tenn., in the 
vicinity. 
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suffered fission, accompanied by the 
production of a more or less equivalent 
amount of plutonium. This is, how¬ 
ever, far from being the case. In the 
first place, many of the fission prod¬ 
ucts which accumulate with time have 
large cross sections for neutron cap¬ 
ture. The replacement of the uranium- 
235 by products capable of absorbing 
neutrons means a steady decrease in 
the multiplication factor; this may 
ultimately fall below unity, when the 
chain reaction would stop. Further, as 
the fissionable plutonium accumulates, 
it competes with uranium-235 for 
thermal neutrons, so that in the course 
of time the plutonium would be lost 
by fission just as fast as it was formed. 
The point at which the uranium slugs 
were removed for processing repre¬ 
sented a compromise between the de¬ 
sire to attain a maximum plutonium 
concentration in a given time and the 
necessity for maintaining the chain 
reaction.* 

14.71. When the “spent” uranium 
slugs are pushed out of the back of 
the reactor they fall into tanks of 
water where they stay for some days; 
this allows the uranium-239 to be 
converted into neptunium-239 which 
changes into plutonium, and also per¬ 
mits the shorter-lived, and hence most 
highly radioactive, fission products to 
decay. The slugs are then dissolved 
in acid and the solution is made to 
undergo a series of reactions leading 
to the separation of the small propor¬ 
tion of plutonium from the mixture of 
fission products and unchanged ura¬ 
nium.f The chemical processes are 
straightforward, but, owing to the in¬ 
tense beta and gamma activity of the 
material, they must be carried out by 
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remote control in concrete chambers 
most of which are underground. 

14.72. The Oak Ridge reactor 
started operating on November 4, 

1943, and it soon reached a power 
level of 800 kilowatts, the surface 
temperature of the uranium being 
150°C. By rearranging the slugs, so 
that there were fewer in the center, 
where the neutron flux was greatest, 
the over-all power level was increased 
to 1800 kilowatts, without the temper¬ 
ature becoming too high at any point. 
After the cooling was improved, by 
the installation of better fans, in June 

1944, the power output of the Oak 
Ridge reactor was increased still fur¬ 
ther, so that it now operates at a power 
of nearly 4000 kilowatts. The first 
batch of spent slugs entered the sep¬ 
aration plant on December 20; 1943, 
and by the end of February, 1944, 
plutonium was being produced at the 
rate of several grams per month. 

14.73. Even before the first self- 
sustaining, nuclear chain reaction had 
been achieved, and certainly long be¬ 
fore any plutonium had been obtained 
from the Oak Ridge reactor, plans 
were being made for the production of 
plutonium on a large scale. As men-, 
tioned in § 14.68, the reactor for this 
purpose was to be water-cooled, a fact 
which introduced complications be¬ 
cause of parasitic capture of neutrons 
by the water and by the containing 
pipes. The water cooling, and the 
jacketing (or “canning”) of the ura¬ 
nium to protect it from corrosion, pre¬ 
sented tremendous problems which can 
be no more than mentioned here, but 
they were ultimately solved with con¬ 
spicuous success. 

14.74. Early in 1943, a site at Han- 


* Since the Oak Ridge (graphite) reactor is no longer used for plutonium production, the 
discharge of uranium slugs is determined by oilier factory. 

f reference to llie chemistry of plutonium and its separation will he made in Chap¬ 

ter A VI, 
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ford, Washington, sufficiently remote 
for safety, and with ample accessible 
water for cooling purposes from the 
Columbia River, was chosen. Work 
on the first Hanford production reac¬ 
tor was started on June 7, 1943, and 
operation began in September, 1944; a 
second and a third reactor were com¬ 
pleted toward the end of 1944 and 
early in 1945, respectively. Subse¬ 
quently, a number of other reactors of 
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not only unknown in 1939, but which 
did not even exist on the earth except 
perhaps in the merest, virtually un¬ 
detectable, traces (§16.26). 

14.76. It is remarkable that the only 
previous experience with chain-re¬ 
acting systems when the production 
reactors were designed was obtained 
with the low-powered experimental 
Chicago pile, operating at a maximum 
of 200 watts, little more than the 



Fig. 14.5. Portion of the plutonium plant at Hanford, Wash., showing cooling 
equipment which handles tens of thousands of gallons of water per minute. 


the same type were constructed at the 
Hanford site. 

14.75. The Hanford reactors, each 
as high as a five-story building (Fig. 
14.5), with their attendant remotely 
controlled plants (Fig. 14.6) for the 
extraction of grams of plutonium from 
tons of material, including uranium 
and the numerous fission products, 
represent, like the Oak Ridge gaseous 
diffusion plant described in § 8.88, a 
monumental and spectacular achieve¬ 
ment of science and technology. At 
Hanford there was produced, for the 
first time, a new element, which was 


power of an average electric-light 
bulb! Equally, or even more, remark¬ 
able was the fact that the plant for 
the separation of plutonium was based 
on chemical studies made with a total 
of only half a milligram, i.e., one two- 
thousandth part of a gram, of pluto¬ 
nium—about the size of a head of a 
pin!—produced by the bombardment 
of uranyl nitrate with neutrons ob¬ 
tained with the aid of cyclotrons 
(§16.30). 

14.77. It has been estimated that a 
factor of 10 10 was involved in the 
scale-up from the laboratory studies 
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to the actual plant. “The proposed 
extrapolations [necessary for the de¬ 
sign of the large-scale plant from the 
available data] both as to chain-re¬ 
acting piles and as to separation proc¬ 
esses/’ says the Smyth Report, “were 
staggering. In peace-time no engineer 
or scientist in his right mind would 
consider making such a magnification 
in a single stage, and even in wartime 


the release of the fission energy is a 
gradual and controlled process, but in 
the bomb the energy-produced by the 
fission of an appreciable quantity of 
either uranium-235 or plutonium-239 
is liberated rapidly and in an uncon¬ 
trolled manner. A brief outline of the 
principles of the nuclear fission 
(atomic) bomb will be given here; the 
characteristics of different types of 



Fig. 14.6. Remotely controlled plants for extraction of plutonium from material 
discharged from reactor; waste gases are discharged through the 200-ft. stack. 


only the possibility of achieving tre¬ 
mendously important results could 
justify it.” 

The Nuclear Fission 
(Atomic) Bomb 

14.78. A chain-reacting system, that 
is, a nuclear reactor, can take various 
forms, depending upon its construc¬ 
tion, its composition, and the purpose 
for which it is required. The ultimate 
objective of the Hanford reactors was 
the production of plutonium for use in 
an atomic bomb which itself is, 
strictly, a nuclear reactor. In the piles 
* Uninimn-233 (8 15.11) might pmsumubly 


controlled nuclear reactors will be de¬ 
scribed in the next chapter. 

14.79, When a large amount of en¬ 
ergy is released, within a very'short 
time interval, in a small space the 
result is an explosion (§ 3.4). In order 
to achieve such a state of affairs by 
utilizing fissionable material, there are 
two main requirements. First, it is 
necessary to have a mass of relatively 
pure uranium-235 or plutonium-239,* 
whose dimensions exceed the critical 
size, so that the chain reaction can be 
sustained; and second, fission must be 
due, as far as possible, to fast neu- 
Imo bo u.sorl for I Ihm purpose, 
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trons, so that the process takes place 
^with extreme rapidity. In spite of the 
fact that the fission cross sections for 
thermal neutrons are large, and in 
spite, also, of their high speeds—2.2 X 
10 5 cm. per sec.—referred to normal 
standards, the rate of liberation of en¬ 
ergy in thermal-neutron fission would 
be too slow to produce an effective ex¬ 
plosion. Such a system would behave 
like a reactor that had gone out of 
control, as described in § 14.58; it 
would heat up and then break apart 
into pieces of subcritical size, when 
the chain reaction would cease. If this 
occurred in an enclosed space, there 
would be a minor explosion, at most. 

14.80. In an atomic bomb the chain 
reaction must be maintained by fast 
neutrons, so that the use of a mod¬ 
erator, or of any material capable of 
slowing down the neutrons, must be 
avoided. Further, by minimizing the 
possibilities of nonfission capture, vir¬ 
tually all the neutrons produced in 
fission will cause further fission; thus, 
the multiplication factor will exceed 
unity and the rate of energy release 
will increase with great rapidity. 

14.81. The presence of stray neu¬ 
trons in the atmosphere makes it im¬ 
possible to prevent a chain reaction in 
a supercritical mass, that is, in a quan¬ 
tity exceeding the critical size, of fis¬ 
sionable material. It is consequently 
necessary that before detonation the 
bomb should not contain any fission¬ 
able material that is as large as the 
critical mass for the given conditions. 
In order to cause an explosion, the 
material must then be made super¬ 
critical within a very short interval 
of time. Extreme rapidity is necessary, 
because if the chain reaction were to 
be initiated by stray neutrons before 
the fissionable material had reached 
the most compact form, a relatively 
weak explosion would occur. Two 
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general methods have been described 
for bringing about an atomic (or nu¬ 
clear) explosion by quickly converting 
a subcritical system of fissionable ma¬ 
terial into a critical one. 

14.82. In the first method, two or 
more pieces of fissionable material, 
each less than a critical mass, are 
brought together very rapidly in order 
to form one piece that exceeds the 
critical size. This may be achieved in 
some kind of gun-barrel device, in 

1 which a high-explosive charge is used 
to blow one subcritical mass of fis¬ 
sionable material from the breech end 
of the gun into another subcritical 
mass firmly held at the nozzle end. 
“The obvious method of very rapidly 
assembling an atomic bomb,” says the 
Smyth Report , “was to shoot one part 
as a projectile in a gun against a sec¬ 
ond part as a target.” If the two parts, 
which are not necessarily of the same 
size, are each subcritical, there is no 
danger of explosion, but if a super¬ 
critical mass is formed when they are 
brought together in an extremely small 
fraction of a second, the desired ex¬ 
plosion will occur. 

14.83. The second method of causing 
a mass of fissionable material to ex¬ 
plode makes use of the fact that when 
a subcritical quantity of the material 
is compressed it can become super¬ 
critical. The reason is that by de¬ 
creasing the size and, hence, the 
surface area of a given quantity of 
fissionable material by compression, 
the rate of neutron loss by leakage is 
decreased relative to the rate of pro¬ 
duction of neutrons by fission. The 
previously subcritical mass may thus 
become supercritical under the new 
conditions. The required compression 
may be achieved by means of a 
spherical arrangement of specially 
fabricated shapes of ordinary high 
explosive. In a hole in the center of 
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the system is then placed a subcritical 
sphere of fissionable material. When 
the high explosive is set off, by means 
of a number of detonators on the out¬ 
side, an inwardly directed implosion 
wave is produced. The force of this 
wave causes the sphere of fissionable 
material to be rapidly compressed so 
that it becomes supercritical and ex¬ 
plodes. 

14.84. It was mentioned in § 14.45 
that the escape of neutrons, and hence 
the critical size of a chain-reacting 
system, can be reduced by the use of 
a suitable reflector; the same is true, 
to some extent, of an atomic bomb. 
But in the latter case, the nature of 
the reflector is different, and it also 
serves an additional, more important, 
purpose. Elements of high density, and 
high atomic weight, do not absorb fast 
neutrons to any great extent, neither 
do they slow them down appreciably; 
such elements are thus suitable to act 
as reflectors in a fast-neutron chain 
reactor. Further, the high density pro¬ 
vides inertia which delays expansion 
of the exploding material, so that it 
acts like the familiar tamper in blast¬ 
ing operations. Thus, according to the 
Smyth Report, “use of a tamper . . . 
makes for a longer lasting, more ener¬ 
getic, and more efficient explosion.” 

14.85. Since a nuclear fission bomb 
must exceed a certain minimum size, 
a “small atomic bomb,” that could be 
used as an experimental model for the 
purpose of designing a larger weapon, 
is not practical. Hence, the first atomic 
bomb, which was exploded with such 
tremendous effect at Alamogordo, New 
Mexico, on July 16,1945, was planned, 
constructed and detonated on the basis I 

*For a full account of the 
Effects of Nuclear Weapons, 


of theoretical calculations, without 
benefit of a preliminary test. To ap¬ 
preciate the stupendous and unprece¬ 
dented nature of this achievement re¬ 
quires a complete understanding of 
the magnitude of the problems in¬ 
volved. Subsequently, as is well 
known, nuclear fission bombs, with an 
energy release equivalent to 20,000 
tons of T.N.T. (§14.25), were ex¬ 
ploded over Hiroshima and Nagasaki, 
Japan, in the early days of August;, 
1945. Since that time, the design of 
atomic weapons has been improved to 
such an extent that fission bombs with 
twenty-five times this- energy yield 
have been produced. As will be seen 
below (§14.104), weapons of, even 
higher explosive energy have been 
made possible by the use of thermo-: 
nuclear reactions. 

14.86. The temperature accompany¬ 
ing the explosion of an atomic bomb is 
believed to be about 10 million degrees 
Centigrade, not very different from 
that of the interior of the sun. Conse¬ 
quently, the fission products, as well 
as any unchanged uranium oi; plu¬ 
tonium, are converted into gases at 
very high pressure. The sudden ex¬ 
pansion of these extremely hot, com¬ 
pressed gases is responsible for much 
of the damage and destruction result¬ 
ing from the explosion. Some of the 
fission energy appears as biologically 
harmful gamma radiation, and .some 
as beta and gamma radioactivity of 
the products. In addition, the high 
temperatures attained result in the 
emission of thermal radiation capable 
of causing skin burns and initiating! 
fires at considerable distances from the 
explosion.* 


ihenomena and consequences of nuclear explosions, see The 
J. S. Government Printing Office, Washington, D. C., 1957. 
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energy from nuclear fusion 


Fusion of Light Nuclei 

VL4.87. If, before 1939, nuclear phys¬ 
icists had been urged to express an 
opinion as to the probable direction 
in which the successful release of 
atomic energy might be realized, it is 
extremely doubtful if they would have 
thought it to be by fission, The general 
feeling was that it would prove more 
practical to obtain energy by the 
combination (or fusion) of light nuclei 
than by fission of heavy nuclei. It is 
evident, from § 13,22 that the libera¬ 
tion of energy in fission is due, essen¬ 
tially, to the binding energy per 
nucleon being less in the heavy ele¬ 
ments than it is in those of intermedi¬ 
ate mass number formed in fission. An 
examination of the binding energy 
curve in Fig. 12.2 will show that 
precisely equivalent circumstances 
arise at the low mass number end. of 
the system of elements. The binding 
energy per nucleon in the lightest 
nuclei is, like that in the heaviest, less 
than for nuclei of intermediate mass 
number. In other words, the sum of the 
masses of the individual light nuclei 
is more than would be the mass of the 
nucleus formed by their fusion. The 
combination of two or more of the 
lightest nuclei, by a process of fusion, 
should thus, like fission, result in a 
liberation of energy. 

14.88. Many reactions between nu¬ 
clei of low mass number can be 
brought about by accelerating one or 
other of the nuclei in a suitable man¬ 
ner, as described in Chapter IX. These 
are often nuclear fusion processes ac¬ 
companied by the release of energy. 
However, as indicated in § 14.10, re¬ 
actions involving artificially acceler¬ 
ated particles cannot be regarded as of 


any significance for the utilization of 
atomic energy. To have practical 
value, fusion reactions must occur in 
such a manner as to make them self- 
sustaining; that is to say, more energy 
must be released than is consumed in 
initiating the reaction. 

14.89. Some indication of how this 
might be achieved can be obtained by 
considering the source of the enormous 
amounts of energy produced continu¬ 
ously in the stars, including the sun. 
The earliest scientific theory concern¬ 
ing the source of the sun’s energy was 
proposed by H. von Helmholtz in 
1853; making use of the principle of 
the conservation of energy (§3.75), 
he suggested that the sun’s energy was 
released in the process of contraction. 
In other words, according to Helm¬ 
holtz, gravitational work was being 
converted into heat in the sun. The 
inadequacy of this theory was shown 
by the fact that it led to an estimate 
of the age of the sun which was un¬ 
doubtedly much too short. 

14.90. With the discovery of radio¬ 
activity at the end of the nineteenth 
century, it appeared possible that 
what was vaguely called “atomic en¬ 
ergy” might be contributing to the 
sun’s energy. Thus, T. C. Chamberlin 
of the University of Chicago pointed 
out in 1899 that “the Helmholtz 
theory takes no cognizance of latent 
and occluded energies of an atomic or 
ultra-atomic nature.” During the first 
two decades of the present century, 
due largely to its exposition by A. S. 
Eddington, the view was widely held 
that the energy of the sun resulted 
from the mutual annihilation of posi¬ 
tive and negative charges. It will be 
recalled (§14.4) that this theory of 
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energy release was put forward in 
1904 by J. H. Jeans to account for the 
energy of radioactivity. 

14.91. As mentioned earlier, Ed¬ 
dington, in 1920, considered the alter¬ 
native possibility that stellar energy 
was liberated in the formation of he¬ 
lium from hydrogen. A similar sugges¬ 
tion was made by the French scientist 
J. Perrin, who thought that the sun’s 
energy was produced in the process of 
building up complex atoms from pro¬ 
tons and electrons. Because of the 
large amounts of hydrogen and helium 
known to exist in the sun, Eddington’s 
theory received wide support, although 
there was no satisfactory mechanism 
to account for the formation of helium 
from hydrogen. 

Sources of Stellar Energy 

14.92. In 1929, R. d’E. Atkinson 
and F. G. Houtermans, in Germany, 
considered the possibility that energy 
might be liberated in the stars as a 
result of nuclear fusion reactions oc¬ 
curring at the very high stellar tem¬ 
peratures, from 15 to 30 million de¬ 
grees Centigrade. Such processes are 
called thermonuclear reactions and 
there are reasons for believing that 
they can take place at rates sufficient 
to account for the release of large 
amounts of stellar energy. 

14.93. The arguments may be pre¬ 
sented in the following manner. In 
order for two nuclei to interact, they 
must have enough kinetic energy to 
permit them to overcome (or pene¬ 
trate) the electrostatic repulsion bar¬ 
rier which tends to keep them apart 
(§9.18, et seq .). Simple calculations 
show that for nuclei of the lowest 
atomic number, e.g., the isotopes of 
hydrogen, the energy required to make 
the nuclear reactions occur at a de¬ 
tectable rate is about 0.1 Mev. Experi¬ 
ments with accelerators confirm that 


energies of this order are, in fact, 
necessary to cause interaction among 
the nuclei of low atomic number; 
larger amounts are required for nuclei 
of higher atomic number to overcome 
the greater repulsive force. The en¬ 
ergy acquired by a charged particle 
in an accelerator is kinetic in nature, 
and the same energy could, in prin¬ 
ciple, result from a sufficient increase 
in temperature. However, the tempera¬ 
ture would have to be as high as about 
1000 million degrees Centigrade, if the 
average energy of the particles is to 
be 0.1 Mev. Such temperatures are 
considerably higher than those exist¬ 
ing in stars. * t 

14.94. It was noted in § 11.39 that, 
at any given temperature, therfe is 0. 
distribution of energies among the 
molecules of a gas. At temperatures of 
millions of degrees a gas does ndt con¬ 
sist of molecules, but rather of a com¬ 
pletely ionized system of positively 
charged nuclei and electrons, often re¬ 
ferred to as a plasma. Nevertheless, 
it appears that the concept of the dis-* 
tribution of energies should still apply. 
As a consequence, it can be 'stated 
that, whereas most nuclei will have 
energies close to the average value for 
the existing temperature, there will 
always be a certain proportion with 
energies greatly exceeding the average. 
Thus, at a temperature of 20 million 
degrees, for example, where the' aver¬ 
age kinetic energy is only 0.002' Mev, 
there are an appreciable number of 
nuclei with energies of 0.1 Mev or 
more. These have sufficient energy to 
permit them to take part in thermo-: 
nuclear fusion reactions resulting in 
the release of energy. 

14.95. The foregoing discussion has 
tacitly assumed, for simplicity, a 
threshold energy below which the 
nuclear reaction does not occur. Actu¬ 
ally this is not the case, for there is a 


















442 


Sourcebook on Atomic Energy 


certain probability (or cross section) 
that reaction will take place at any 
energy, although, for the isotopes of 
hydrogen it increases sharply as the 
energy approaches something of the 
order of 0.1 Mev. The rate at which 
the thermonuclear reaction occurs de¬ 
pends on the product of the number of 
nuclei having a certain energy and the 
reaction probability at that energy. 
The general nature of the variation of 
these quantities at a given temperature 
is shown in Fig. 14.7. It is seen that 



Fig. 14.7. Dependence of rate of nuclear 
reaction on particle energy at a given tem¬ 
perature. 


most of the reactions are due to nuclei 
with energies in excess of the average. 

14.96. At the time the theory of 
nuclear reactions at high temperatures 
was proposed, there were insufficient 
data to permit of its development. 
Since 1938, largely due to the sugges¬ 
tions of H. A. Bethe in the United 
States, two sets of nuclear reactions 
have been found to account for the 
energies of what are called “main 
sequence” stars. The first is known as 
the carbon cycle, in which carbon acts 
as a sort of catalyst in facilitating the 
combination of four protons to form a 
helium nucleus.* The second is re¬ 
ferred to as the proton-proton chain , 
since the first step involves the combi¬ 
nation of two protons. Other nuclear 
reactions accompanied by the release 
of energy undoubtedly occur in many 
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stars, but those given below appear to 
be the most important sources of 
stellar energy. 

14.97. In the carbon cycle, a proton 
(hydrogen nucleus) first interacts with 
a C 12 nucleus, with a release of (fu¬ 
sion) energy; thus, 

6 C 12 + iH 1 = 7 N 13 + energy. 

The product N 13 is known to be radio¬ 
active, emitting a positron, with a half 
life of 10.1 min.; consequently, it de¬ 
cays in a very short time, according 
to the equation 

7 N 13 = 6 C 13 + +ie°. 

The stable C 13 nucleus then reacts 
with another proton, more energy be¬ 
ing liberated by the process 

6 C 13 + 1H 1 = 7N 14 + energy, 

which is followed by combination of 
the stable N 14 nucleus with a third 
proton; thus, 

7 N 14 + 1 H 1 = 8 0 15 + energy. 

The O 15 is a positive beta-emitter, 
with a half life of 2.05 min., which 
decays by the process 

8 0 15 = 7N 15 + +ie°, 

and, finally, the resulting N 15 interacts 
with a fourth proton, 

7 N 15 + aH 1 = 6 C 12 + 2 He 4 , 

so that the C 12 nucleus is regenerated. 

14.98. Upon adding the six fore¬ 
going equations, it is seen that the 
over-all reaction is 

41 H 1 = 2 He 4 + 2+ie° + energy, 

the carbon nucleus having acted much 
like a catalyst in a series of chemical 
reactions. Since the four protons are 
associated with four electrons, to 
maintain electrical neutrality, whereas 


* A similar scheme was proponed independently by C. F. von Woizmickcr in Germany. 
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only two are required for the helium 
nucleus, two electrons will be avail¬ 
able to combine with the two posi¬ 
trons, so that the net result is equiva¬ 
lent to the conversion of four hydrogen 
atoms into a helium atom, plus en¬ 
ergy, amounting to a total of about 
26.7 Mev. 

14.99. In the proton-proton chain, 
two protons first fuse to produce a 
deuterium nucleus and a positron; 
thus, 

1 H 1 + 1 H 1 = 1 D 2 + + ie° + energy. 

The deuteron then combines with an¬ 
other proton to yield helium- 3 , i.e., 

1 D 2 + 1 H 1 = 2 He 3 + energy, 

and then two helium-3 nuclei interact; 
thus, 

2 He 3 + 2 He 3 = 2 He 4 + 21 H 1 + energy. 

To obtain the two helium-3 nuclei 
each of the first two stages must occur 
twice, and upon adding the various 
equations, the net result is found to 
be the same as that given in § 14.98, 
namely, the formation of a helium -4 
nucleus (and two positrons) from four 
protons. The energy released is the 
same as in the carbon cycle, namely, 
26.7 Mev for each heliuim nucleus 
(or atom) produced. 

14.100. The relative probabilities of 
the carbon cycle and the proton- 
proton chain depend on the tempera¬ 
ture. At low (stellar) temperatures, 
the proton-proton chain predominates, 
but as the temperature is raised the 
carbon cycle rapidly becomes of in¬ 
creasing .significance. In the sun and 
similar stars, with interior tempera¬ 
tures of the order of 20 million de¬ 
grees, the two processes take place at 


about the same rate. In the larger 
(and hotter) stars of the main se¬ 
quence, it is probable that nearly all 
the energy comes from the carbon 
cycle, but in the smaller (and cooler) 
stars, the proton-proton chain is the 
main source of energy. 

14.101. Calculations show that, even 
at the temperature of the sun, it would 
take several million years to convert 
a single gram of hydrogen into helium. 
Yet, because of its large mass, this is 
adequate to account for the enormous 
amount of energy liberated by the sun. 
Further, there is sufficient hydrogen 
available to permit the energy release 
to continue at this rate for another 
30 billion years.* 

Thermonuclear Reactions 
on Earth 

14.102. The possibility of bringing 
about thermonuclear (fusion) reac¬ 
tions on earth, to serve as a source of 
energy, has naturally attracted much 
attention. Bearing in mind the masses 
of material available on earth, it is 
certain that the reactions of the Car¬ 
bon cycle and the proton-proton chain 
would occur too slowly to be of any 
practical value. It is necessary, there¬ 
fore, to seek for other nuclear reac¬ 
tions involving light nuclei, and the 
only ones which appear to offer any 
prospects for success are three reac¬ 
tions among the nuclei of the hydrogen 
isotopes, deuterium and tritium; they 
are 

1 D 2 + 1 D 2 = 2 He 3 + on 1 + 3.2 Mev 

1 D 2 + 1 T ) 2 = X T 3 + xH 1 + 4.0 Mev, 

which take place at approximately the 
same rate at a given temperature, and 


The chief terrestrial sources of energy, namely, coal, oil, natural gas and water power, 
are actually atoms of energy originally derived from the sun. Consequently, although it is 
not generally appreciated, nuclear energy is indiroctly supplying the worlds power w- 
nuiremants. 
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1 T 3 + 1 D 2 = 2 He 4 + o n 1 + 17.6 Mev, 


the rate of which, at equivalent con¬ 
centrations, is about a hundred times 
as great.* 

14.103. If these reactions could be 
made to occur at a reasonable rate, 
the deuterium present to the extent 
of about 0.015 (atomic) per cent in all 
natural w y aters would represent an 
almost inexhaustible source of energy. 
The total amount of deuterium in the 
oceans is estimated to be about 10 17 
pounds. Allowing for the fact that 
probably not all of the energy of the 
reactions given above would be avail¬ 
able for use, it nevertheless seems rea¬ 
sonable to state that the energy that 
could be released from this quantity 
of deuterium is 3 X 10 27 British Ther¬ 
mal Units (B.T.U.), compared with 
an estimate of 6 X 10 20 B.T.U. from 
fission sources (§ 15.120) .f 

14.104. One way in which temper¬ 
atures of the order of millions of 
degrees can be obtained on earth is by 
means of a nuclear fission bomb. By 
combining a quantity of deuterium or 
tritium (or a mixture) with an atomic 
bomb, it has been possible to bring 
about tremendously powerful explo¬ 
sions due to the very rapid release of 
large amounts of energy in the ther¬ 
monuclear reactions occurring among 
the isotopes of hydrogen. This is the 
basis of the hydrogen (or thermonu¬ 
clear) bomb. In the explosion of such 
devices, the energy is released in an 
uncontrolled manner and cannot be 
applied to any constructive use. 

14.105. Extensive investigations are 
proceeding in the United States, in 
Great Britain, in the U.S.S.R. and 
probably in other countries with the 
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object of finding how thermonuclear 
fusion reactions involving the isotopes 
of hydrogen could be brought about in 
a controlled manner. In order to pro¬ 
vide useful energy, the process must 
be self-sustaining, like a fire; in other 
words, once enough heat has been sup¬ 
plied to raise the temperature to the 
point at which nuclear fusion occurs 
at an appreciable rate, the energy re¬ 
leased must be sufficient, at least, to 
maintain that temperature. In esti¬ 
mating the minimum temperature at 
which a particular thermonuclear re¬ 
action will be self-sustaining, a bal¬ 
ance must be struck between the en¬ 
ergy released in the reaction and the 
amount lost in various ways. Both of 
these quantities increase as the tem¬ 
perature is raised, but the energy 
release goes up more rapidly, so that 
at a certain temperature the process 
will become self-sustaining. 

14.106. As far as the amount of 
energy released is concerned, it ap¬ 
pears that only that part of the energy 
carried by the charged particles, H, 
He 3 , T and He 4 in the reactions given 
in § 14.102, will be deposited locally, 
i.e., will be available to the reacting 
system. Owing to their high speed and 
relatively long range, most of the en¬ 
ergy carried by the neutrons, which is 
one fourth of the total in the D-D 
reactions and four fifths in the T-D 
reaction, will be deposited elsewhere. 
The energy will not necessarily be 
lost, since the neutrons can be slowed 
down and captured, but it will not 
help in maintaining the temperature 
of the plasma in which reaction occurs. 

14.107* The energy loss—although 
it is not strictly a loss since there are 
ways in which it might be absorbed 


* There are some subsidiary reactions involving He 8 , T, etc., but these may be ignored 
for the present purpose. . . ... 

tin 1957, the price ni which the U. S. Atomic Energy Commission was selling heavy 
water (deuterium oxide) was $28 per pound. The energy obtainable from it by fusion 
reactions would bo equivalent to that from about 2500 tons ol coal. 
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outside the reacting system—is due 
largely to energy leaving the system 
as radiation. If the plasma behaved 
like a black body (§ 3.27), the radia¬ 
tion losses would be extremely large 
at temperatures of the order of mil¬ 
lions of degrees. Because of the rela¬ 
tively small volume of the reacting 
system, it is probable, however, that 
the radiation consists almost entirely 


foregoing considerations indicate 
that the minimum temperature for 
maintenance of the. D-D reactions is 
about 350 million degrees and that for 
the T-D reaction is roughly 45 million 
degrees Centigrade. 

14.108. High as these temperatures 
are, there appears to be a possibility 
that they may be attained by elec¬ 
trical methods, but before any attempt 



Fig. 14.8. Pinch effect produced in argon gas by electrical discharge in a straight tube. 
(Los Alamos Scientific Laboratory.) 


of bremsstrahlung (or X-rays) ac¬ 
companying the deflection of the rap¬ 
idly moving electrons in the plasma 
by the electrostatic fields of the posi¬ 
tively charged nuclei (§4.75). The 
escape of energy as bremsstrahlung is 
greatly increased if nuclei of moderate 
or high charge (or atomic number) 
are present. Such nuclei must therefore 
be rigorously excluded from the reac¬ 
tion system. (VilcnlationH based on the 


is made to realize them there is an im¬ 
portant question to be answered: 
How is the plasma to be contained at 
temperatures of millions of degrees, 
when all matter is not only vaporized 
but completely ionized? Since the 
plasma consists entirely of electrically 
charged particles, i.e., electrons and 
nuclei, it appears that containment 
might be achieved by the use of elec¬ 
tric and magnetic fields. 
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14.109. One containment procedure, j 
which has attracted interest, is based 
on what is called the pinch effect. This 
was considered theoretically by the 
American physicist W. H. Bennett in 
1934 and later (in 1937) by L. Tonks, 
who gave the phenomenon its familiar 
name. The first experimental observa¬ 
tions of the effect to be reported were 
apparently made in England by A. A. 
Ware in 1951. The basic idea of the 
pinch effect is that, if a number of 
electrically charged particles, such as 
exist in a plasma, are moving in such 
a way as to represent an electric cur¬ 
rent flowing in one direction, a mag¬ 
netic field is produced which tends to 
confine the particles by self-constric¬ 
tion (or pinching) of the plasma. 

14.110. The motion of the charged 
particles can result from an electrical 
discharge passed between electrodes 
in the plasma or by inducing a current 
within the plasma from an external 
discharge (Fig. 14.8). If the pinch 
effect is to be used to contain plasma 
at very high temperatures, the latter 
procedure must be used; that is to say, 
there must be no electrodes within the 
plasma, in order to avoid loss of heat 
due to contact with any solid material. 
For the same reason, it would be nec¬ 
essary to induce the current within the 
plasma in a doughnut-shaped (or 
toroidal) closed tube, ix\, one without 
ends. 

14.111. Although the pinch effect 
appears to offer a promising approach 
to the confinement of ionized plasma 
at high temperatures, there is a fun¬ 
damental difficulty. The pinched 
plasma is extremely unstable and 
breaks up within a few millionths of a 
second or so. It seems doubtful 
whether sufficient nuclear fusion en¬ 
ergy can be released within such a 
short time to make the process self- 
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sustaining. If a method can be de¬ 
veloped for maintaining the plasma 
in the pinched condition for an 
appreciable period of time, the situa¬ 
tion would be different. In this event, 
there is a possibility that much of the 
energy released in the thermonuclear 
fusion reactions could be converted 
directly into electricity. Since the 
plasma can be compressed by its own 
magnetic field, it, appears that the 
process might be reversible. That is to 
say, if the energy produced by fusion 
caused the plasma to expand against 
an applied magnetic field, electricity 
could be produced in an external cir¬ 
cuit. 

14.112. In addition to offering the 
prospect of the efficient conversion of 
nuclear energy into electrical power, 
without the necessity of producing 
steam or a hot gas to drive a turbine 
(§ 15.3), fusion would have an advan¬ 
tage over fission as a source of power 
in the respect that there are no radio¬ 
active wastes for disposal. Shielding 
of the thermonuclear reactor would 
be necessary, as with a nuclear fission 
reactor, and some effort would have 
to be made to utilize the energy of the 
neutrons and radiations leaving the 
reacting system. However, this does 
not present any great difficulties. The 
problems still to be solved are mainly 
those relating to the heating and 
stable confinement of the plasma for a 
reasonable length of time. Several 
ideas, other than the pinch effect, are 
being pursued, but it is as yet impos¬ 
sible to predict the outcome. Physi¬ 
cists are confident that controlled 
thermonuclear power, for which the 
fuel will be the almost inexhaustible 
supply of deuterium in the oceans, 
will one day be a reality. But whether 
it will take one, ten or a hundred 
years, no one can say. 
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Catalyzed Fusion Reactions 

14.113. Toward the end of 1956, 
L. W. Alvarez and a group of collabo¬ 
rators at the University of California 
Radiation Laboratory, Berkeley, re¬ 
ported a novel type of reaction in 
which nuclear fusion occurred. In the 
course of observations of the tracks 
made in a 10-inch liquid hydrogen 
bubble chamber (§ 6.81) by negative 
mu-mesons, obtained from the Beva- 
tron, gaps were occasionally observed. 
Such gaps must be due to the forma¬ 


tion of neutral particles incapable of 
causing ionization and, hence, bubble 
formation. This is apparently followed 
by the re-emission of a mu-meson, 
since the track is subsequently con¬ 
tinued, although in a different direc¬ 
tion (Fig. 14.9). 

14.114. The explanation offered for 
this remarkable behavior is that, to¬ 
ward the end of its path, the mu- 
meson is captured by a deuterium 
nucleus present in the liquid hydrogen 
to form a mesonic atom (§ 4.77). Inci- 



Fio. 14.9. Hydrogen bubble chamber photograph of catalyzed nuclear fusion reaction. 
(University of California Ibuliation Laboratory.) 
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dentally, capture of the mu-meson by 
a deuterium nucleus (or deuteron) 
occurs more readily than capture by 
an ordinary hydrogen nucleus (or pro¬ 
ton) . Immediately the neutral mesonic 
deuterium atom is formed, the bubble 
track ceases, and there is a gap. In a 
short time, however, this mesonic deu¬ 
terium attaches to itself a proton; the 
mu-meson is apparently capable of 
overcoming (or counteracting) the 
electrostatic propulsion of the two 
nuclei, so that they approach suffi¬ 
ciently closely to fuse together to form 
a lielium-3 nucleus. The mu-meson is 
then set free and carries off most of 
the 5.4 Mev of energy accompanying 
the nuclear reaction. The released 
energetic mu-meson is capable of caus¬ 
ing ionization and the track in the 
bubble chamber reappears. Addition of 
extra deuterium to the liquid hydro¬ 
gen in the bubble chamber increases 
the frequency of these events.* 

14.115. In most instances, the mu- 
meson, after re-emission, decays in 
the normal way into an electron 
(§ 2.1261, but in a few cases a second 
gap was observed, indicating the com¬ 
bination of another pair of nuclei. 
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Thus, the mu-meson acts as a sort of 
catalyst in facilitating the fusion, at 
low temperatures and low energies, of 
one, and sometimes two, deuteron- 
proton pairs. This process has there¬ 
fore been called a catalyzed nuclear 
reaction. 

14.116. Because of the short life of 
the mu-meson, about 2 X 10 -6 sec., it 
seems unlikely that combination of 
more than two (or so) proton-deuteron 
pairs can be realized. The energy lib¬ 
erated is thus only a small fraction 
of that expended in the production of 
the mu-meson. Consequently, nuclear 
reaction catalyzed by mu-mesons does 
not appear to be a promising approach 
to the release of energy by fusion. 
However, it has been suggested that 
if there were a particle with similar 
properties having a much longer life, 
able to catalyze the fusion of many 
deuteron-proton (or other) pairs, the 
situation might be different. The Rus¬ 
sian physicist, A. I. Alikhanian has 
reported the discovery of a long-lived 
meson, but the claim has not yet been 
confirmed. In any event, it is not 
known whether such a meson would 
act as a nuclear reaction catalyst. 


* I- Fie 14 Q (.he negative mu-meson, entering at A, moves along the path AB, at A 
it k ei ured bV a demeran to form a neutral mesonic deuterium atom which travels to 
£ thp nluV BC Vicing invisible At C the mesonic deuterium fuses with a proton, liberating 
SJKfThS™, the pall! CD, coming to rest at fl, where it decays and ermts 
an electron of high energy which travels along the path DL. 
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GENERAL ASPECTS OF REACTOR DESIGN 


Introduction 

15.1. The discussion of nuclear re¬ 
actors in the preceding chapter has 
referred primarily to the historical 
development during World War II, 
when the prime objective was the pro¬ 
duction of plutonium for weapons. In 
recent years, the nuclear reactor field 
.has grown enormously and the basic 
interests have changed, so that the 
main emphasis is now on peaceful ap¬ 
plications. Numerous reactors of 
many different designs, intended for a 
variety of purposes, have been con¬ 
structed (or are under construction) 
in all parts of the world. Whereas in 
1950 it was possible to describe all 
the known reactors in the course of 
a few pages, the task would now re¬ 
quire a whole book. All that can be 
done, within a reasonable space, is to 
describe the main reactor types and to 
illustrate the descriptions by reference 
to a limited number of specific cases. 

15.2. «In spite of numerous possible 
variations in the design and compo¬ 
nents of nuclear reactor systems, 
there are, nevertheless, a number of 
general features which all reactors 
possess in common, to a greater or 
lesser extent. In outline, a reactor 
consists of an active core in which 
the fission chain is sustained and in 


which most of the energy of fission is 
released as heat. The core contains the 
fissionable material in a suitable form, 
i.e., the reactor fuel, and also a mod¬ 
erator if it is required to slow down 
the neutrons. The relative amounts 
and nature of the fuel and moderator 
determine the energy of the neutrons 
causing most of the fissions. The core 
is surrounded by a reflector of, a ma¬ 
terial which is largely dependent on 
this neutron energy. The combination 
of core and reflector, together with 
other components present, e.g., coolant 
and structure, must be capable of 
maintaining a fission chain. 

15.3. Control, including start-up, 
operation at any desired power level 
and shut-down, is achieved either by 
rods containing a strong neutron ab¬ 
sorber (§ 14.59) or by moving parts of 
the core or reflector so as to permit 
(or prevent) the escape of neutrons. 
The operation of the reactor at .appre¬ 
ciable power levels depends on the 
ability to remove the heat produced 
by fission as fast as it is liberated. 
This involves the use of a coolant 
which must circulate throughout the 
reactor in such a manner as to main¬ 
tain a temperature distribution that 
is as uniform as possible. If the en¬ 
ergy generated in the reactor is to bo 
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converted into electrical power, then 
the heat must he transferred from the 
coolant to a working fluid, to produce 
steam or a hot gas. The resulting 
vapor or gas can then be used to 
generate power in a conventional n™- 
ner, e.g., by means of a turbine (Fig. 

15 1) • 

15 4 In the design of a nuclear re¬ 
actor for a particular purpose, which 
mav be research, production ot fis¬ 
sionable material or the conversion 
of nuclear energy into useful power, 
the first decision to be made concerns 
the neutron energy region in which 
most of the fissions are to occur. The 
next, step is to choose the basic reactor 
components, namely, the fuel material, 
the moderator (if any), the reflector 
and, finally, the coolant for removing 
the heat generated by fission. As an 
aspect of the latter, the particular 
method of heat removal to be used 
must be selected. The various factors 
which must be taken into considera¬ 
tion in making a choice among the 
different possibilities will be outlined 
in the succeeding paragraphs. 

Thermal, Fast and Intermediate 
Reactors 

15 5* Reactors are classified as 
“thermal,” “fast” or “intermediate’ 
according to the neutron energy region 
in which the majority of the nuclear 
fissions occur. With the exception of 
the atomic bomb, which is not strictly 
a reactor in the sense used here, since 
the fission rate cannot be controlled, 
all the reactors mentioned in Chapter 
XIV are thermal reactors in which 
most of fissions are (or were) due to 
the absorption of slow neutrons. In 
order to slow down the fast neutrons 
released in fission, a sufficient amount 
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of moderator must be included in the 
core of the reactor, as already seen 

(§14.27). , +Vlo 

15.6. Thermal reactors have the 
great advantage of flexibility in size, 
which can be attained by varying the 
nature and properties of the fuel (con¬ 
taining the fissionable material) and 
the moderator, in particular. For ex¬ 
ample, a reactor with natural uranium 
as fuel and graphite as moderator is 
roughly 20 feet across, at least. At the 
other extreme, with a fuel material 
highly enriched (about 90 per cent) m 
uranium-235* and ordinary water as 
moderator, a thermal reactor may 
have linear dimensions of no more 
than one or two feet. The main draw¬ 
back to thermal reactors is the loss ot 
neutrons due to parasitic capture by 
constructional and other materials, as 
well as by fission products. The choice 
of such materials is therefore largely 
determined by their cross sections for 
neutron capture (§ 11.67). _ 

15.7. In a fast reactor, the majority 
of fissions occur by interaction of the 
fissionable material with neutrons ot 
high energy, i.e., neutrons which have 
suffered relatively little slowing down 
from the initial fission neutron energv. 
The use of a moderator, or of any ma¬ 
terial of low mass number, which 
might slow down the neutrons, must 
consequently be avoided. Because ab¬ 
sorption cross sections for fast neu¬ 
trons are generally small, parasitic 
capture is a minor problem in fast 
reactors. The choice of materials is 
thus greater than for a thermal re¬ 
actor. On the other hand, there is some 
restriction in the possible fuel mate¬ 
rials. By proper choice of moderator, 
etc., a thermal reactor can function on 
anything from natural to highly en 


* i ,„;tii n 70 net rent bv weinlit. of uranium-235, 
* In addition to natural uranium metiil. with . * Commission uranium <as 

authorized users can qo”voisrht portent of I he fissionable isotope. This enriched 
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riched uranium or plutonium. But a 
fast reactor requires an enriched fuel 
containing about 25 per cent, at least, 
of fissionable material, e.g., uranium- 
233, uranium-235 or plutonium-239. 

15.8. A disadvantage of a fast re¬ 
actor is the larger amount of fission¬ 
able material necessary to attain 
criticality. However, because there is 


tron density and heat generation in¬ 
crease at a tremendous rate. 

15.10. An intermediate reactor is 
one in which fissions are caused 
mainly by neutrons slowed down into 
a broad energy range between fast and 
thermal energies, preferably above the 
resonance region (§ 11.97). Some mod¬ 
eration is necessary, but not as much 
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Fig. 15.1. Schematic representation of a nuclear reactor system for generating electric 

power. 


no moderator, the critical size may 
be quite small, e.g., a foot or less 
across, so that heat removal is diffi¬ 
cult when the operating power is high. 
The outstanding aspect of certain fast 
reactors, as will be seen below, is 
their ability to “breed” fissionable ma¬ 
terial, plutonium-239, in particular. It 
is mainly for this reason that such 
reactors are attracting interest. 

15.9. It might appear, upon first 
consideration, that a fast reactor 
would be difficult to control, since it 
is like an atomic bomb in the respect 
that fissions are mainly due to fast 
neutron^. This is, however, not the 
case. As long as the effective multipli¬ 
cation factor is kept below the prompt 
critical value for the existing condi¬ 
tions (§ 14.01), a fast reactor is just 
as controllable as a thermal reactor. 
In a fission bomb, the design is such 
as to make the multiplication factor 
as large as possible, ho that tho neu- 


as in a thermal reactor. In a sense, an 
intermediate reactor represents a 
compromise between thermal and fast 
reactors. The parasitic capture of neu¬ 
trons can be less than in a thermal 
reactor and the fuel inventory is 
smaller than in a fast reactor, al¬ 
though the total size of the core is 
greater. An intermediate reactor also 
offers the possibility of breeding plu¬ 
tonium-239, but not as efficiently as a 
fast reactor. Only one intermediate 
reactor has been constructed 
(§ 15.100) and further interest in sys¬ 
tems of this type appears to be, small. 

Reactor Fuel Materials 

15.11. The material containing the 
fissionable isotope is called the reactor 
(or nuclear) fuel . Its composition may 
range from natural uranium to mate¬ 
rial highly enriched in uranium-235, 
plutonium-239 or uranium-233. The 
basio source materials for nuclear fuels 
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are the elements uranium and thorium. 
Only the uranium -235, present to the 
extent of about 0.7 per cent in ordi¬ 
nary uranium, is fissionablehence, 
this is the only natural material that 
can be used to produce nuclear energy 
directly. However, there are projects 
that the 99.3 per cent of uranium-238 
and the thorium-232, which consti¬ 
tutes nearly 100 per cent of natural 
thorium, can be converted, partly at 
least, into fissionable material. 

15.12- The transformation of ura- 
nium-238 into plutonium-239 by the 
capture of neutrons followed by two 
stages of beta decay has already been 
described in Chapter XIV. Thorium- 
232 may be converted into fissionable 
thorium-233 in an exactly similar 
manner, by means of neutrons avail¬ 
able in a reactor. By the (n y) capture 
of a slow neutron, the thonum-232 
is converted into thorium-233 which 
is a negative beta-emitter with a halt 
life of 23 5 min., the product being 
protactinium-233; this is also beta ac¬ 
tive with a half life of 27.4 days. The 
reaction and disintegration scheme is 
thus, 

90 Th* + n- 9 oTh“- 

the uranium-233 being a long-lived 
alpha emitter of 1.63 X 10 s years half 
life Hence, upon exposure to neutrons, 
thorium-232 would, after the lapse of 
some days to permit decay of the pi o- 
tactinium, be converted into uranium- 
233 This nuclide is fissionable by s^ 
neutrons and is consequently a pos¬ 
sible fuel material for sustaining a 

chain reaction * . OOQ 

15 13. Although both uramum-2o8 
and thorium-232 will undergo fission 
by fast neutrons with energy greater 
than 1 Mev, it is not possible to sus¬ 
tain a chain reaction in these isotopes, 
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for the reasons given in § 14.24. Thus, 
uranium-238 and thorium-232 are not 
fissionable materials in the sense in 
which the term is generally used, i He 
only fissionable materials are ura- 
1 nium-233, uranium-235 and pluto- 
nium-239, since they can suffer fission 
as a result of capture of neutrons of 
all energies. However, since both 
uranium-238 and thonum-232 can be 
converted into fissionable species, they 
are referred to as fertile materials. 
The extent to which such conversion is 
possible will be considered later 

(8 15.39). . , ... 

15.14. The form in which a fuel is 
used in a reactor depends upon various 
I circumstances. In many reactors solid 
fuel elements are used; they may eon- 
& ist of uranium metal or an alloy o 
uranium and aluminum for zirco¬ 
nium) , or the uranium may be present 
as the dioxide (UO a ). The fuel mate¬ 
rial is usually clad with (or contained 
in) another metal to protect it from 
chemical reaction with air, water or 
other material used as coolant. 1 ne 
cladding also serves the purpose of 
preventing the escape of fission pro 


ucts. Several reactors have been de¬ 
signed which make use of fluid fuels, 
eg a solution of a uranium salt in 
water or a solution (or suspension) 
of uranium in a liquid metal, e.g., 

bismuth. r , f _,_i 

15.15. Two main types of solid luei 

elements have been used in reactor 
design, namely, the cylindrical (or 
rod) type and the plate type. In sev¬ 
eral 0 f the early reactors, such as the 
natural uranium-graphite reactors at 
Oak Ridge and elsewhere, cylindrical 
fuel elements, about, an inch in diam¬ 
eter, were used. The dimensions were 


* The discovery of uranium-233 is described in 8 10.92. 


Nuclear Reactors 


determined by the conditions required 
to optimize the infinite medium multi¬ 
plication factor. Because of their 
relatively small area for the removal 
of the heat liberated in fission, these 
fuel elements are not suitable for re¬ 
actors operating at fairly high power 
levels. 

15.16. A great improvement in this 
respect has been achieved by using 
rods of smaller diameter or by going 
over to a plate-type of fuel element. 
These generally require enriched ura¬ 
nium as the fuel material, since there 
is some sacrifice in the multiplication 
factor which can be compensated for 
by the higher proportion of uranium- 
235. The plate type of fuel element 
consists of a number of long, flat (or 
curved) “sandwich” plates held in a 
box-like frame. The center of the 
sandwich contains a relatively low 
proportion of enriched uranium, either 
as metal or dioxide, dispersed in a 
matrix of aluminum, zirconium or 
stainless steel. The outer cladding 
layers of the sandwich are of the 
same material as the matrix in the 
center layer. 

15.17. Although thin rods or plate- 
type fuel elements provide a relatively 
large area for heat removal, there is a 
corresponding increase in the amount 
of cladding material. This results in an 
increase in the loss of neutrons by 
parasitic capture. In addition to being 
resistant to corrosion and able to with¬ 
stand the high temperatures that may 
be experienced in a reactor without 
loss of strength, the cladding material, 
particularly in a thermal reactor, must 
also have a small cross section for 
neutron capture. Only three materials, 
available at reasonable cost, satisfy 
these requirements in most cases. 
They are the ones mentioned above, 
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namely, aluminum, zirconium and 
stainless steel.* Zirconium, in the 
form of a corrosion-resistant alloy, 
is undoubtedly best for thermal re¬ 
actors using ordinary or heavy water 
as moderator or coolant. But it is ex¬ 
pensive and so stainless steel, which 
is cheaper, is an alternative possibil¬ 
ity, although it is more wasteful of 
neutrons. In fast reactors, stainless 
steel is a suitable cladding and con¬ 
taining material, since parasitic neti- 
tron capture is then unimportant. 

15.18. Apart from purely mechan¬ 
ical failures, the life (or “burn-up”) 
of a fuel element in a nuclear reactor 
is limited by a number of factor's. 
Because of the high cost of recovering 
the fissionable and fertile materials 
that still remain, a significant* objec¬ 
tive of reactor design is to increase 
the length of time in which fuel ele¬ 
ments will operate satisfactorily. One 
of the limiting factors is that referred 
to by the general name of radiation 
damage. It was predicted by E. P. 
Wigner in 1942, while working on the 
wartime atomic energy project, that 
when solid materials are subjected to 
the action of high-energy particles, 
such as neutrons, the atoms would be r 
come displaced from their normal posi¬ 
tions in the crystal lattice. As a result 
of this disruption of the internal struc¬ 
ture, the properties of the material 
might be expected to change. Various 
changes due to radiation have, in fact, 
been observed. The effects of radia¬ 
tion damage are most marked in fuel 
elements due to the action of the fis¬ 
sion fragments, which have large en¬ 
ergies (§ 13.28), as well as to neutrons 
and gamma rays. 

15.19. From the standpoint of re¬ 
actor operation, the detrimental effects 
of radiation on fuel elements are 


* For certain application*!, not involving contact with air or water, mngnowium nnrt 
beryllium arc aluo hoiwibilition. 
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dimensional changes and, sometimes, 
loss of mechanical strength. In many 
reactors, especially those intended for 
operation at high power levels, the 
dimensions of the fuel elements and 
their spacing must be kept within very 
close tolerances. In these circum¬ 
stances, a relatively small dimensional 
disturbance may make it necessary to 
shut the reactor down and replace the 
damaged fuel element. Since radiation 
damage is essentially a new phenom¬ 
enon, it is being extensively studied. 
One purpose is to use the information 
to design fuel elements that will not 
be seriously affected during operation 
of the reactor. 

15.20. In addition to the limitation 
set by radiation damage, there is an¬ 
other factor which restricts the life of 
fuel elements. This is the decrease in 
the amount of fissionable material as 
the reactor operates and the simulta¬ 
neous increase in the parasitic neutron 
capture by fission products. The latter 
aspect is referred to as fission product 
poisoning. For reasons of safety and 
economy, the amount of fissionable 
material in a reactor must not greatly 
exceed that required for criticality. 
As the extra quantity is used up, in 
the course of reactor operation, the 
effective multiplication factor of the 
system steadily decreases until a 
point may be reached when satisfac¬ 
tory operation is no longer possible. 
This limitation in the operating life 
(or burn-up) may be partially over¬ 
come in some reactors by including 
fertile material in the fuel element. 
As a result of neutron capture, this is 
converted into fissionable material to 
replace, to some extent, that which 
has been consumed. Even if this re¬ 
placement were complete, however, the 
accumulation of fission products would 
sooner or later make it necessary to 
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shut down the reactor for recharging 
with fresh fuel. 

15.2L A possible way of overcom¬ 
ing the problems arising from radia¬ 
tion damage and fission product poi¬ 
soning in solid fuel elements is to use 
the fuel material in solution. Thus, 
certain (homogeneous) reactors em¬ 
ploy a solution of an enriched uranium 
salt, e.g., uranyl sulfate, in ordinary 
water as the fuel. The water is de¬ 
composed to some extent by radia¬ 
tions, i.e., fission products, neutrons 
and gamma rays, into hydrogen and 
oxvgen gases, but this is not too seri¬ 
ous a drawback. Otherwise, there is no 
radiation damage. The effects of de¬ 
pletion in fissionable material and 
accumulation of fission products can 
be overcome by withdrawing some of 
the fuel solution, without shutting the 
reactor down. This is treated so as to 
remove the fission products having 
the largest neutron absorption cross 
sections; new fissionable material can 
then be added and the solution re¬ 
turned to the reactor. 

Reactor Moderators and 
Reflectors 

15.22. For thermal reactors, the 
moderator and reflector have essen¬ 
tially the same characteristics and so 
they will be considered together. The 
basic requirements of a moderator are 
that it should consist solely of ele¬ 
ments of low mass number (or atomic 
weight) and that it should not cap¬ 
ture neutrons to any appreciable ex¬ 
tent. The only practical materials for 
use as moderators (and reflectors! are, 
consequently, ordinary water, heavy 
water, beryllium and its oxide, graph¬ 
ite (carbon) and, possibly, certain 
or ganic com pounds, 

15,23. Ordinary water is attractive 
as a moderator because of its low cost, 
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even allowing for the high degree of 
purity desirable for reactor use, and 
also for its ability to slow down neu¬ 
trons. However, neutron capture by 
hydrogen is so appreciable that en¬ 
riched uranium, with at least 1 per 
cent of uranium-235, must be used as 
the fuel material. Because of the par¬ 
ticular neutronic properties of the 
hydrogen in water, e.g., large scatter¬ 
ing cross section, it is possible to de¬ 
sign water-moderated reactors of 
relatively small size. The fact that 
water can be used as both moderator 
and coolant, as well as reflector, is an 
advantage. The chief drawback to the 
employment of water as moderator- 
coolant is encountered in reactors 
which must operate at high tempera¬ 
tures. Since water boils at 100°C at 
atmospheric pressure, high operating 
pressures, e.g.; 2000 pounds per square 
inch, are thus required. Expensive 
pressure vessels and piping are conse¬ 
quently necessary. 

15.24. Regarded purely as a neutron 
moderator, heavy water is the best 
material available. It has excellent 
slowing down properties and the cross 
section for neutron capture is very 
small (see table in §11.40). It does 
not require enriched uranium as fuel 
to attain criticality, although the use 
of such fuel material makes the de¬ 
sign more flexible. Like ordinary 
water, heavy water can be used as a 
coolant, but it suffers from the same 
drawback, namely, low boiling point 
and consequent need for pressuriza¬ 
tion. The cost of heavy water is high, 
even though it has been considerably 
reduced in recent years (§ 14.103, foot¬ 
note) . Nevertheless, it is possible that, 
in some reactor designs, the advan¬ 
tages of heavy water as a moderator 
(or moderator-coolant) may outweigh 
its high cost. 


15.25. Both beryllium and its oxide 
are good moderators. The oxide can 
withstand very high temperatures, 
although its strength decreases. In 
spite of many technical advances, 
beryllium is still an expensive metal. 
Until recent years, the products avail¬ 
able were very brittle, difficult to fab¬ 
ricate and susceptible to attack by 
both air and water at high temper¬ 
atures. With new developments in 
powder metallurgy, beryllium metal, 
having improved properties with re¬ 
gard to ease of fabrication, mechanical 
strength and corrosion resistance, has 
been produced. Nevertheless, the ma¬ 
terial is still somewhat brittle, as com¬ 
pared with other metals, and is at¬ 
tacked by air and water at high tem¬ 
peratures and pressures. Beryllium-is 
consequently used as a moderator or 
reflector in special cases only.. ; 

15.26. Carbon, in the form of graph¬ 
ite, has been employed as moderator 
or reflector, in a number of reactors. 
Although it is not quite as good as 
beryllium for these purposes, “reactor 
grade” graphite, of high purity, can 
be made at a relatively low cost. It can 
be machined easily into desired shapes 
and has sufficient strength to be use.d, 
to some extent, as a structural ma¬ 
terial, as it was in the original Chicago 
pile. The chief drawbacks of graphite 
are the relative ease with which it 
breaks when struck, and the possibil¬ 
ity of interaction with oxygen (in air) 
and carbon dioxide at high tempera¬ 
tures. It was thought at one time that, 
in a reactor, radiation damage to 
graphite might be serious, but this 
now appears to be unimportant, pro¬ 
vided the temperature is above about 
250°C. 

15.27. The moderating properties of 
certain organic compounds of carbon 
and hydrogen (hydrocarbons) should 
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be almost as good as that of water 
since, like water, they contain a large 
proportion of hydrogen. For some 
time, consideration has been given to 
the use of a hydrocarbon of high boil¬ 
ing point as moderator (and coolant) 
for thermal reactors. Such a material 
would be relatively inexpensive and 
could be used in a reactor operating 
at fairly high temperatures without 
the need for pressurization, as is neces¬ 
sary with water. This development has 
been held back by the extensive de¬ 
composition suffered by most organic 
compounds when exposed to nuclear 
radiations. It appears now, however, 
that certain compounds known as 
polyphenyls (or their derivatives) 
may prove satisfactory as moderator- 
coolants. There is some decomposition 
by radiation but this is not too serious. 
The impurities formed in this manner 
are continuously removed by distilla¬ 
tion. 

15.28. The materials mentioned 
above are not satisfactory for use as 
the reflector for a fast reactor, because 
the neutrons returned to the core 
would be slowed down. To avoid this 
situation, the reflector must obviously 
be a material of fairly high mass 
number. Iron (or steel) is a possibility 
in this connection, although, for rea¬ 
sons which will be apparent shortly, 
fast reactors employ natural uranium 
as reflector, at least in the region im¬ 
mediately surrounding the core. 

Reactor Coolants 

15.29. Just as no ideal moderator 
exists, so there is no ideal or perfect 
coolant for removing the heat pro¬ 
duced in a reactor. The materials pro¬ 
posed for coolants may be divided 
into four general categories, namely, 
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ordinary and heavy water, liquid 
metals, organic liquids (hydrocarbons) 
and gases. Each type has its advan¬ 
tages and disadvantages, as will soon 
be evident. The actual choice thus 
represents what appears to be the best 
compromise in the circumstances. 

15.30. Both ordinary and heavy 
water are good coolants for thermal 
reactors, in so far as their heat re¬ 
moval properties are concerned. They 
have, in addition, the advantage of 
serving as moderators, as well as cool¬ 
ants. But, as indicated above, for re¬ 
actors operating at high temperatures, 
high pressures are required to raise 
the boiling point of the liquid. Fur¬ 
ther, water is very corrosive at high 
temperatures, so that special mate¬ 
rials, such as zirconium alloys or 
stainless steel, may be necessary. 

15.31. For use at temperatures 
higher than those that are practical 
with water, liquid metals have been 
proposed as coolants.* Probably the 
best of these is sodium; it is an ex¬ 
cellent material for removing heat and 
does not require pressurization even 
at very high temperatures. It attacks 
zirconium and stainless steel to a small 
extent, but the rate of corrosion is re¬ 
garded as acceptable. On the other 
hand, sodium is very reactive with 
oxygen (in air) and water, and the 
liquid sets to a solid well above ordi¬ 
nary temperatures. Further, when 
passed through a reactor, sodium be¬ 
comes radioactive, due to the cnptuie 
of neutrons and the formation oi 
sodium-24, half life 15 hours, which 
decays with the emission of beta par¬ 
ticles and gamma rays. Since this 
radiation is a potential hazard to oper¬ 
ating personnel, special shielding of 
the sodium system outside the reactor 


tl m n 2 yearn before the first nuclear fission ehain wus realized. 
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is necessary. For heat removal in fast 
reactors, sodium is almost the only 
coolant that is at all satisfactory. 

15.32. As a compromise between 
water, which requires the use of high 
pressures, and liquid sodium, which is 
so chemically active and hazardous, 
attention is being given to certain 
organic compounds, e.g., polyphenyls, 
mentioned above. They do not require 
pressurization, do not become appre¬ 
ciably radioactive due to neutron cap¬ 
ture, are not corrosive and are fairly 
stable to the action of heat and radia¬ 
tion. However, the heat removal prop¬ 
erties of these hydrocarbons are defi¬ 
nitely inferior to those of water or 
liquid sodium. 

15.33. Cooling by means of a gas, 
namely air, wa£ used in several of 
the earliest reactors. It could be forced 
through the reactor with fans and 
vented to the atmosphere, without the 
necessity for using a closed coolant 
circuit. This procedure, although rela¬ 
tively costly, was simple and particu¬ 
larly suited to large natural uranium- 
graphite reactors used for research, 
and operating at relatively low pow¬ 
ers. For high power levels, and the 
accompanying high temperatures, air 
is not satisfactory as a coolant be¬ 
cause it reacts chemically with so 
many materials, e.g., graphite, alumi¬ 
num, beryllium, zirconium, etc. The 
best gaseous coolant, from the stand¬ 
point of heat removal, is hydrogen, 
but this would represent a hazard, 
since it forms an explosive mixture 
with air. In addition, it causes many 
metals to become brittle. The next 
choice is helium, which is a non¬ 
reactive gas having a negligibly small 
cross section for neutron capture. It is, 
however, not available in sufficient 
amounts and is probably too expensive 
for general reactor use. 

15.34. The gases which appear to ho 


most practical as coolants are nitrogen 
and carbon dioxide. Nitrogen has 
somewhat better heat removal prop¬ 
erties than carbon dioxide and is less 
chemically active, but it absorbs neu¬ 
trons more readily. Nevertheless, both 
of these gases are being (or have been) 
used as reactor coolants. A gas-cooled 
reactor is probably less potentially 
dangerous than one using either so¬ 
dium or pressurized water. The main 
drawback is that, unless the gas is 
under a fairly high pressure, e.g., a 
few hundred pounds per square inch, 
the cost of pumping is considerable. 
This is an important aspect of tfye 
economics of electric power produc¬ 
tion through the use of nuclear re¬ 
actors. 

Methods of Heat Removal 

\ 

15.35. One of the possible variables 
in reactor design is the method of heat 
removal. Suppose that, as would be 
the case for a reactor intended for 
power production, use is made of the 
heat generated to operate a turbine. 
Three general methods may then be 
utilized to convert the heat into the 
vapor (steam) or gas at high tem¬ 
perature required for this purpose. Jji 
the first method the coolant, which 
may be water, liquid sodium, an or¬ 
ganic liquid or a gas, is pumped 
through the reactor core so that it 
takes up heat from the fuel elements. 
The coolant then passes through an 
external heat exchanger, where the 
heat is transferred to water for the 
production of steam, and returns to 
the reactor in a closed cycle (see Fig. 
15.1). 

15.36, The second method is appli¬ 
cable when the fuel is in the form of a 
solution or suspension in a liquid, 
e.g., a solution of a uranium salt in 
ordinary or heavy water (§ 15.21), or 
one of uranium metal in liquid bis- 
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muth. The fuel-bearing liquid, in 
which heat is generated by fission, is 
pumped continuously through the ex¬ 
ternal heat exchanger and then back 
to the reactor core. Steam is produced 
in the heat exchanger, as in the case 
described above. 

15.37. A third system for heat re¬ 
moval, when either ordinary or heavy 
water is the moderator-cool ant, is to 
permit the liquid to boil in the core, 
thus producing steam. In these circum¬ 
stances, no external heat exchanger is 
required. The condensed steam from 
the turbine is returned to the reactor 
to keep the volume of liquid constant. 
This method of heat removal could be 
used, in principle, with either solid 
fuel elements or with a solution of the 
fuel material in water. However, so 
far, it has been applied only to the 
former situation. 

15.38. A combination of the first 
and third methods just outlined, which 
is still in a state of development, 
offers interesting possibilities. It 
makes use of a gas at high pressure 
as coolant. This is boated to a high 
temperature in the reactor and then 
proceeds directly to operate a gas 
turbine. After leaving the turbine, the 
gas is re-compressed and returns to 
the reactoT core in a closed cycle. 

Regeneeation and Breeding of 
Fissionable Material 

15.39. Odc of the remarkable as¬ 
pects of nuclear reactors is that they 
can be designed so as to produce their 
own fuel, by conversion of fertile into 
fissionable material. Such reactors arc 
called regenerative reactors or con¬ 
verters. As seen in Chapter XIV, the 
Hanford reactors fall in this category. 
In these reactors, uranium-235 serves 
to maintain the fission chain, but 
some of the neutrons are captured by 
the fertile uranium-238 with the ulti- 
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mate formation of plutonium-239. It 
is seen, therefore, that the uranium- 
235 consumed by fission (and in other 
ways) is replaced, to some extent at 
least, by another fissionable species, 
plutonium-239. At the same time en¬ 
ergy is released in the fission of the 
uranium-235. In the Hanford {and 
other) reactors, this heat is wasted, 
but, in principle, a regenerative re¬ 
actor can produce useful energy while 
converting fertile material into new 
fissionable material to replace that 
consumed. Although the fertile species 
has been assumed in the foregoing to 
be uranium-238, the general argument 
applies equally to thorium-232 
(§15.12). 

15.40. Because uranium-235 is the 
only fissionable material in nature, it 
is inevitable that, in the early stages 
of reactor development, such as those 
existing at present, this must be used 
to maintain the fission chain in nu¬ 
clear reactors. There is no known 
method for regenerating uranium-235 
and so, unless there is some unfore¬ 
seen discovery, this material will 
eventually be consumed completely. 
At this stage, it may be supposed that 
a roughly equivalent amount of plu¬ 
tonium-239 (or uranium-233) has 
been produced by conversion of fertile 
material. Since natural uranium con¬ 
tains about 140 times as much ura¬ 
nium-238 as it does uranium-235, it 
is evident that considerable quantities 
of the former as w r ell as of thorium- 
232, will still remain. The long-range 
future of the nuclear energy industry 
must therefore depend on the effi¬ 
ciency of converter reactors in which 
plutonium-239 (or uranium-233) is 
consumed and is, at the same time, 
regenerated from uranium-238 (nr 
thorium-232). Three general cases 
will he considered. 

| 15.41. First, suppose that for every 
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fissionable nucleus consumed less than 
one neutron is available for capture 
by the fertile material. The quantity 
of fissionable material regenerated 
will then be less than that of the same 
species consumed. In this event, the 
stockpile of fissionable material will 
steadily decrease, and in due course 
the operation of reactors will no 
longer be possible, although large 
quantities of fertile materials may be 
available. If this were the situation, 
there would be no real future for fis¬ 
sion energy as a source of power. 

15.42. The second possibility is that 
exactly one fissionable nucleus is re¬ 
generated for every one consumed in 
the reactor. The stockpile of fission¬ 
able material will then remain con¬ 
stant. The maximum rate of energy 
production will be determined by the 
available fissionable material and no 
increase will be possible. It is true 
that, in due course, essentially all the 
available fertile material would be 
converted into fissionable species, but 
there could be no expansion of the 
nuclear power industry. 

15.43. Suppose, however, that it were 
possible to design a reactor in which 
more fissionable material, e.g., pluto¬ 
nium-239, was formed, by conversion 
of uranium-238 than was used up in 
its operation. This would be possible, 
in principle, if for every plutonium- 
239 nucleus undergoing fission, more 
than one neutron, on the average, 
were captured by uranium-238 to re¬ 
generate plutonium-239. A reactor of 
this type is called a breeder and the 
regeneration process is referred to as 
breeding . By the use of the breeding 
process, the stockpile of fissionable 
material could be steadily increased, 
instead of remaining constant as 
would be the case for the one-to-one 
conversion considered above. Thus, not 
only would all the fertile material bo 


I convertible into fissionable material, 
but the amount of the latter available, 
and hence the rate of power produc¬ 
tion, could be steadily increased. This 
would not go on indefinitely, of course, 
because a time would be reached in 
the ultimate future when all the 
fertile material was consumed, just as 
coal and oil fuels might eventually be 
used up. 

15.44. The situation with regard to 
breeding may be compared with the 
availability of a certain amount of 
capital (plutonium-239) to a bank. 
The bank will use the capital for vari¬ 
ous purposes (production of power) 
and replace it with profits (fissionable 
material). If the capital cannot be re¬ 
placed as fast as it is used up, the bank 
will eventually fail, even though there 
are still outlets (fertile material) for 
capital. This is equivalent to incom¬ 
plete regeneration in a nuclear fission 
reactor. On the other hand, the capital 
may be replaced just as fast as it is 
drawn upon; then the amount of 
capital remains constant, and the bank 
will survive, although no expansion 
will be possible. 

15.45. Finally, the profits may be 
large enough to replace the capital 
and also pay interest on it; if the in¬ 
terest is not withdrawn, but goes to 
increase the capital, then compound 
interest will accrue. This situation is 
analogous to breeding in a nuclear re¬ 
actor. If the interest, that is, the rate 
of increase of capital (plutonium-239) 
is only 5 per cent per annum, the 
amount will be doubled in less than 15 
years, quadrupled in 30 years, and So 
on. This can, in theory, continue until 
there are no further outlets (fertile 
material) for capital. The same gen¬ 
eral arguments apply to the breeding 
of uranium-233 from thorium-232. 

15.46. The prospects for realizing 
breeding depend upon the number of 


































460 


Chap. XV 


Sourcebook on 

fission neutrons liberated for each 
neutron absorbed by the fissionable 
material* One neutron is required to 
carry on the fission chain and, in ad¬ 
dition, more than one is needed, on 
the average, to make breeding possi¬ 
ble. Hence, apart from neutrons lost 
by leakage or parasitic capture, some¬ 
what more than two fission neutrons 
must be available for each neutron 
absorbed. From the known facts, it 
can be concluded immediately that 
breeding of plutonium-239 in a ther¬ 
mal reactor is impossible. However, 
thermal breeding of uranium-233 from 
thorium-232 would appear to be fea¬ 
sible. 

15.47. Since the accessible supplies 
of uranium-238 are more abundant 
than those of thorium-232, the prob¬ 
lem of breeding plutonium-239 is of 
greater importance. It is fortunate 
therefore that, owing to the smaller 
proportion of nonfission capture of 
fast neutrons, breeding of plutonium- 
239 from uranium-238 should be possi¬ 
ble in a fast reactor. This expectation 
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has been confirmed by experiments 
' both in the United States and in Great 
Britain. It may be concluded, there¬ 
fore, that fast breeder reactors, using 
plutonium -239 as fuel and uranium- 

238 as fertile material, will play an 
important role in the development of 
nuclear power. Until sufficient pluto¬ 
nium-239 is available for the purpose, 
uranium-235 will generally be used 
as the fissionable material. In a fast 
reactor of this type, more plutonium- 

239 is regenerated than the uranium- 
235 consumed, but the gain is less than 
if plutonium-239 were the fuel-t 

15.48. There are various ways in 
which fertile material may be located 
with respect to the core of a breeder 
reactor. The one commonly favored 
is to surround the core with a blanket 
of fertile material, so that neutrons 
escaping from the core will be cap¬ 
tured in the blanket. One significant 
advantage of this arrangement is that 
the spent fuel in the core can be re¬ 
placed and reprocessed, as required, 
independently of the blanket. 


REACTOR TYPES 


Research Reactors 

15.49. Having outlined above the 
general considerations upon which the 
choice of a reactor system must be 
based, some descriptions will now be 
given of a number of reactors of spe¬ 
cific types. In this connection, it is 
convenient to classify reactors ac¬ 
cording to the main purpose for which 
they are intended, although, as will 
soon be apparent, some reactors have 


more than one application. The types 
to be examined here are (a) research 
reactors, f b) production reactors and 
(c) powder reactors and reactor expe¬ 
riments, 

15.50. A research reactor is one of 
low or moderate power intended pri¬ 
marily as a strong source of neutrons, 
in particular, and of gamma rays foi 
research purposes. Materials may he 
subjected to the action of neutrons 


__ , ( . taKle in 8 1140 refer to the number of fission neutrons per 
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within the core or reflector, or a beam 
of neutrons, covering a range of en¬ 
ergies, may be extracted through an 
opening (or beam hole) running into 
the reactor. Research reactors fre¬ 
quently have a layer of graphite, 4 or 
5 feet thick, known as a thermal 
column , adjacent to the core, to pro¬ 
vide a source of thermal neutrons. If 
a long column of graphite is employed, 
the emerging neutrons are exception¬ 
ally “cold” (§ 11.91). 

15.51. The earliest (Chicago) re¬ 
actors, using natural uranium as the 
fuel source and graphite as moderator, 
and ambient air as the coolant, were 
research reactors. A similar fuel- 
moderator system, but with forced air 
cooling so as to permit operation at 
higher power (and higher neutron 
flux), was subsequently employed in 
the Oak Ridge reactor and the one at 
the Brookhaven National Laboratory, 
Long Island, N. Y. The fuel elements 
in the latter, originally of the cylin¬ 
drical slug type, have now been re¬ 
placed by twisted, sandwich plates 
containing enriched uranium as an 
alloy with aluminum. The Oak Ridge 
and Brookhaven reactors are used 
both for direct research and for the 
production of isotopes for research 
purposes (see Chapter XVII). These 
reactors, and similar reactors in Great 
Britain and elsewhere, provide exten¬ 
sive research facilities, but they are 
very large, requiring a minimum of 
30 tons of uranium metal and 300 to 
400 tons of graphite, and so are not 
suitable for all locations. 

15.52. Several other types of com¬ 
pact reactors for research purposes 
have been developed in recent years. 
One of these is based on the so-called 
water boiler , developed at the Los 
Alamos Scientific Laboratory during 
World War II “to provide/’ according 
to the Smyth Report , “verification of 


the effects predicted for reacting sys¬ 
tems containing enriched U-235.” The 
original water boiler, which went crit¬ 
ical in May 1944, was the first (ho¬ 
mogeneous) reactor to use an aqueous 
fuel solution as well as the first to 
employ an enriched fuel (14.6 per cent 
uranium-235). The water boiler re¬ 
actor has the great merit of simplicity 
of design and construction. 

15.53. The core consists of uranyl 
sulfate (20 to 90 per cent enrichment) 
dissolved in roughly 3% gallons (14 
liters) of ordinary water; the total 
weight of uranium-235 is about - 2 
pounds. The solution is contained in a 
stainless steel sphere or cylinder, sur¬ 
rounded by a graphite reflector about 
4Vo feet thick. The heat generated by 
fission is removed by passing cold 
water through pipes in the containing 
vessel. In spite of its name, the fuel 
solution in the water boiler does not 
boil, although its temperature may be 
as high as 80°C (175°F). Recent 
forms of the water boiler operate at 
a heat power level of 50 kilowatts or 
more. Under these conditions there is 
appreciable decomposition of the 
water by the fission products, neutrons 
and gamma rays, and provision must 
be made for recombining the hydrogen 
and oxygen gases released. 

15.54. Another type of research re¬ 
actor is known colloquially as the 
swimming pool. The core consists of 
a number of flat fuel elements of the 
sandwich plate type, the center layer 
containing 20 to 90 per cent enriched 
uranium (or uranium dioxide) dis¬ 
persed in aluminum (§ 15.16); the 
weight of uranium-235 required for 
satisfactory operation is 5 to 7 pounds. 
The fuel elements are suspended 
vertically near the bottom of a pool 
of water, about 20 feet deep; it is 
from this characteristic that the reac¬ 
tor has acquired its name (Fig. 15.2). 
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The water acts as moderator, reflector 
and shield, and by convection it pro¬ 
vides adequate cooling at power levels 
up to 100 kilowatts. By circulating 
the water through an exterior heat ex¬ 
changer, so as to increase the rate of 
heat removal, operation up to 1000 
kilowatts (1 megawatt) or more is 
possible. 
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pool reactor went into operation in the 
early part, of 1951. But the MTU it¬ 
self, at the National Reactor Testing 
Station, Arco, Idaho, did not go crit¬ 
ical until March 1952; the maximum 
power level is about 40 megawatts. It 
is more of an engineering test device 
than a pure research reactor, although 
it is used for a wide variety of pur- 
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Fig. 15.2. Cutaway drawing of a reactor of the 
“Swimming Pool” type. 


15.55. Historically, the swimming 
pool type of reactor originated from a 
mock-up of the Materials Testing 
Reactor (MTR). The latter was de¬ 
signed to provide a high neutron flux 
for experimental purposes, especially, 
as its name implies, for the study of 
the effects of radiation on various re¬ 
actor materials. The mock-up was 
built at Oak Ridge National Labora¬ 
tory in 1950, and the first swimming 


poses (Fig. 15.3). Because of the great 
demand for the use of the MTR, an¬ 
other reactor of somewhat similar de¬ 
sign, but with greatly improved fa¬ 
cilities, called the Engineering Test 
Reactor (ETR), was completed at 
Arco in 1957. The maximum power 
level of the ETR is 175 megawatts, 
and the neutron flux is probably as 
high as can reasonably be attained in 
a thermal reactor. 
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15.56. The fuel elements of the 
MTR (and ETR) are of the alumi¬ 
num sandwich-plate type, the fuel sec¬ 
tion containing uranium of about 90 
per cent enrichment dispersed in alu¬ 
minum. The core is surrounded by a 


tions (Chapter XIX). Cooling is 
achieved by forced convection with 
large volumes of water which enter the 
tank at some distance above the core, 
and flow downward through the fuel 
plates. The water leaves by an over- 



Fig. 15.3. General view of the Materials Testing Re¬ 
actor at Arco, Idaho, showing experiments in progress. 


beryllium reflector and, in the case of 
the MTR, a second reflecting region 
of graphite. In the ETR, this outer 
reflector is made of aluminum. The 
whole is held near the center of a cy¬ 
lindrical tank containing water which 
acts as the moderator. The tank is en¬ 
closed in a thick concrete shield to 
minimise the escape of harmful radia- 


flow pipe fed from the bottom of the 
tank. A number of other research or 
test realtors similar to the design of 
the MTR (or ETR) have been con¬ 
structed. They are generally referred 
to as being tank-type reactors } to dis¬ 
tinguish them from the swimming pool 
(or pool-type) reactors which have a 
similar ooro but differ with respect to 
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the method of heat removal, the re¬ 
flector and the shielding. 

15.57. A reactor of reasonable size, 
with natural uranium as fuel, can be 
designed by using heavy water as the 
moderator. Such reactors have a spe¬ 
cial appeal in countries which do not 
have means for the production of ura¬ 
nium-235. About 3 tons of uranium 
metal, in the form of vertical rods, in 
somewhat over 1000 gallons of heavy 
water, surrounded by a graphite re¬ 
flector, will have an effective multi¬ 
plication factor exceeding unity. Con¬ 
sequently, a reactor core with these 
components can be contained in a 
cylindrical tank roughly 8 feet high 
and 6 feet in diameter. An advantage 
of a heavy water-moderated research 
reactor with natural uranium as fuel 
source is that, since it contains less 
uranium-235, it follows from equation 
(14.4) that the neutron flux will be 
higher than for a graphite-moderated 
reactor operating at the same power 
level, i.e., for the same rate of heat 
removal. 

15.58. The first reactor to use heavy 
water as moderator, with natural ura¬ 
nium metal as fuel, was completed 
at the Argonne National Laboratory 
in May 1944. Heat removal was 
achieved by circulating the heavy 
water through a cooler (heat ex¬ 
changer) outside the reactor. The 
normal operating power was 300 kilo¬ 
watts. The reactor was dismantled in 
January 1950, because of suspected 
corrosion of the aluminum cladding of 
some of the fuel rods. At that time the 
natural uranium was replaced by 
metal enriched to the extent of 2 per 
cent in uranium-235. This permitted a 
four-fold increase in neutron flux 
without any change in the rate of heat 
removal. 
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15.59. Outside the United States, the 
first reactor constructed was a natural 
uranium-heavy water system, which 
commenced operation in Canada in 
September 1945. Its power level was 
very low and reliance was placed on 
the ambient air to remove the small 
amount of heat generated. Some two 
years later, a Canadian reactor of the 
same basic type, but capable of oper¬ 
ating at a power of 40 megawatts, was 
completed. Until the MTR started 
operation in 1952, the reactor provided 
the highest neutron fluxes available 
for experimental purposes. Another 
natural uranium-heavy water research 
reactor, of still higher power (200 
megawatts) and neutron flux, has been 
built in Canada, and since 1951 others 
of moderate power have been con¬ 
structed elsewhere. 

15.60. With the greater availability 
of uranium-235, heavy water-moder¬ 
ated research reactors have been de¬ 
signed, using highly (90 per cent) en¬ 
riched fuel. The advantage claimed 
for such reactors as compared with 
those of the MTR-type, which arc 
moderated by ordinary water, is that, 
for a given amount of uranium-235, 
it is possible to have a larger core, 
thus providing somewhat more flexi¬ 
bility for experiments. The cost of the 
reactors using heavy water is, of 
course, greater. An enriched fuel re¬ 
actor moderated by heavy water com¬ 
menced operation at the Argonne Na¬ 
tional Laboratory in February 1954, 
and since then a few others of a sim¬ 
ilar type have been planned or com¬ 
pleted. 

15.61. A research reactor of an en¬ 
tirely different character to those 
described above was the Los Alamos 
Fast Reactor, nicknamed “Clemen¬ 
tine.” * Commencing operation in No¬ 


*This name, derived from the well-known song, originated from a combination of cir¬ 
cumstances: the location of the reactor in a canyon, and the fact that plutonium-230, for 
which the code number was “10,” was the fuel. 
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vember 1946, it was the first fast re¬ 
actor and also the first to have plu- 
tonium-239 as the fuel. The core, con¬ 
taining the vertical fuel rods clad 
with steel, was a cylindrical cage only 
6 inches high and 6 inches in diameter; 
naturally, there was no moderator. 
The reflector consisted of ordinary 
uranium metal and steel, and the 
coolant was mercury. This liquid 
could not be used in a thermal reactor 
because it has a large cross section for 
the capture of slow neutrons, but the 
capture of fast neutrons is negligible. 
Neutron-absorbing rods, containing 
cadmium or boron, such as are used 
in thermal reactors, are of little value 
for the control of fast reactors. Con¬ 
sequently, control was achieved by 
rods which displaced some of the ura¬ 
nium from the reflector, thus per¬ 
mitting the fast neutrons to escape. 
The reactor was dismantled in 1953, 
when the corrosion of the steel clad¬ 
ding resulted in the mercury coolant 
becoming contaminated. 

Production Reactors 

15.62. The purpose of a production 
reactor is to convert fertile into fis¬ 
sionable material, the latter being em¬ 
ployed as the source of energy in a 
nuclear fission bomb or as the fuel in 
Other reactors, either for research or 
Useful power. In the Hanford produc¬ 
tion reactors, the fuel is natural ura¬ 
nium, the moderator is graphite and 
Water is the coolant. Because of the 
relatively large number of neutrons 
captured by hydrogen nuclei in the 
water, tfie number available for cap¬ 
ture by uranium-238, with subsequent 
formation of plutonium-239, is con¬ 
siderably reduced. The efficiency of 
conversion, i.e., the ratio of plutonium- 
239 nuclei produced to the uranium- 
235 nuclei consumed in the reactor, 
may thus be appreciably less than 


unity. It is conceivable that the Brit¬ 
ish plutonium production reactors, at 
Windscale, which are cooled by air, 
have a higher conversion efficiency 
than do the Hanford reactors, but the 
power levels, and the production rate, 
may be lower. 

15.63. The obvious method for in.- 
creasing the efficiency of the conver 
sion process is to design the reactor 
so as to have a relatively small reso¬ 
nance escape probability (§ 14.35). It 
is mainly by capture of neutrons in 
the resonance region that uraniumr 
238 is eventually converted into plu- 
tonium-239. In natural uranium- 
graphite reactors, the maximum valufe 
of the infinite medium multiplication 
factor (about 1.07) is so close to unity 
that any appreciable decrease in the 
resonance escape probability would 
make it impossible to attain critical¬ 
ity. But, when heavy water is the 
moderator, with natural uranium fuel, 
the infinite medium multiplication fac¬ 
tor can be as large as 1.25. Hence, a 
substantial decrease in the resonance 
escape probability is permissible with¬ 
out making operation of the reactor 
impractical. The conversion efficiency 
of a production reactor using heavy 
water as moderator can thus bfc 
greater than of one which is graphite 
moderated. It is of interest to record 
that heavy water is the moderator in 
the plutonium production reactors at 
Savannah River, South Carolina. 

15.64. Most, if not all, of the fission 
energy released in the production re¬ 
actors in the United States is wasted. 
Some consideration has been given to 
dual-purpose reactors which would 
produce both high-grade plutonium 
for weapons and useful power. But 
the general opinion is that, unless cir¬ 
cumstances undergo a significant 
change in the United States, such re¬ 
actors would not fulfill a useful func- 
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tion. In Great Britain, however, where 
conventional fuels, e.g., coal and oil, 
are relatively expensive, the first two 
Calder Hall reactors, intended for the 
large-scale production of electrical 
power from nuclear energy, were de¬ 
signed as dual-purpose reactors. They 
are natural uranium-graphite systems 
cooled by carbon dioxide gas under 
pressure. Similar reactors have been 
(or are being) constructed in France, 
where the situation with regard to 
power sources is somewhat the same. 

15.65. In a broad sense, any reactor 
in which there is conversion of fertile 
to fissionable material is a production 
reactor. Whenever uranium-238 or 
thorium-232 is present, either within 
the core or in a blanket surrounding 
the core, as is the case in many power 
reactor designs, some production (or 
regeneration) of fissionable material 
is inevitable. But these are not called 
production reactors; the name is re¬ 
served for reactors in which produc¬ 
tion is the main objective. 

15.66. Several reactors which are in¬ 
tended primarily for research, such as 
the graphite-moderated reactors at 
Oak Ridge and Brookhaven, are ex¬ 
tensively used for the production of 
radioactive isotopes (§ 17.9, footnote). 
The method employed is to expose a 
suitable stable element to the neu¬ 
trons in the reactor and, as a result 
of the radiative capture (n, 7 ) reac¬ 
tion, a radioisotope of the same ele¬ 
ment is obtained. A few additional 
radioactive species are produced as 
the result of other neutron reactions. 

Power Reactors and Power 
Reactor Experiments 

15.67. In a power reactor, the heat 
generated in the fission process is used, 
either directly or indirectly, to produce 
steam at high temperature and pres¬ 
sure or to heat a compressed gas. The 
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steam or heated gas then passes on to 
a turbine, as in a conventional power 
plant; the turbine drives a generator, 
thereby producing electricity. In es¬ 
sence, therefore, the nuclear reactor 
is equivalent to a furnace of a boiler 
which “burns” a fuel of an entirely 
novel character. In some reactors 
steam or hot gas is produced within 
the reactor itself, but in most cases the 
steam is formed in an external heat 
exchanger which acts as the boiler. 

15.68. Regarded purely as a gener¬ 
ator of heat, there are some unusual 
aspects of a nuclear reactor that merit 
consideration. In the first place, there 
is no limit, in principle, to the rate (or 
power) at which a given reactor can 
generate heat. It will be evident from 
equation (14.4) that the heat power 
output depends on the weight of fis¬ 
sionable material, e.g., of uranium- 
235, and the neutron flux. The weight 
of the material does not vary greatly, 
but there is no theoretical reason why 
the flux should not be increased in¬ 
definitely. There is, however, a prac¬ 
tical limitation to the power level. If 
the heat is not removed as fast as it 
is generated, the temperature of the 
reactor components will continue to 
rise and eventually they will get so 
hot that something will melt and the 
reactor will be destroyed. The oper¬ 
ating power of a nuclear reactor is, 
therefore, determined by the maximum 
rate of heat removal. Nevertheless, it 
is because there is the possibility of a 
very rapid rate of heat generation, 
that increasing the power of a reactor 
to its operating level must be done 
with care (§ 14.61). 

15.69. Even if heat can be removed 
very rapidly, there is another restric¬ 
tion to the power output, dependent 
upon the neutron flux. If the flux and, 
consequently, the fission rate are high, 
radiation damage to the fuel elements 
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and other components of the reactor 
core may become too serious to permit 
operation for any length of time. Fur¬ 
ther, in a thermal reactor, certain fis¬ 
sion products, notably xenon-135, 
have a peculiar effect. This particular 
nuclide has an extremely large cross 
section for the capture of thermal neu¬ 
trons and is one of the worst known 
reactor poisons. It is formed mainly 
by the radioactive decay of a primary 
fission fragment (tellurium-135). As 
a result, its concentration in the fuel 
elements may increase considerably 
even after the reactor is shut down. 
Such is particularly the case when 
normal operation is at a high neutron 
flux, and the curious situation may 
then arise in which, due to the poi¬ 
soning, the reactor cannot be re¬ 
started for some time after it is shut 
down. It may be necessary to wait 
many hours for the xenon-135, which 
is radioactive, to decay to a sufficient 
extent to permit start-up. Fast reac¬ 
tors do not suffer from xenon poison- 
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ing, and this is often regarded as be^ 
ing one of their advantages. 

15.70. It is characteristic of nuclear 
reactors that they have a potential 
for high thermal efficiency, i.e., for the 
conversion of heat into electricity. A 
consequence of the laws of thermo¬ 
dynamics, with which engineers are, 
familiar, is that heat can be more effi¬ 
ciently converted into useful energy 
if it is released at a high temperature. 
In a nuclear reactor, very high tem¬ 
peratures, and hence good thermal 
efficiency, would be possible were it 
not for the limitation imposed by the 
nature of the materials used. Such 
materials must not only be able to 
withstand high temperatures, but 
must also have small cross sections 
for neutron absorption. For one rea¬ 
son or another, thermal efficiencies 
hitherto attained in reactor systems 
have not exceeded those in conven¬ 
tional steam plants, but the situation 
may be changed in due course. 

15.71. Another aspect of nuclear re- 
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actors, to which attention should be 
called, is related to the fuel consump¬ 
tion. It is true that 1 pound of ura- 
nium-235 (or plutonium-239) can pro¬ 
vide heat energy equivalent to that of 
1500 tons of coal. But, whereas a fire 
can be started in a furnace with a 
small quantity of coal and then fur¬ 
ther amounts added gradually until 
all is consumed, fissionable material 
cannot be used in a similar manner. 
A power reactor capable of consuming 
1 pound of uranium-235 without at¬ 
tention would have to contain a great 
deal in excess of this quantity. During 
the whole of its operation, the nuclear 
reactor must contain more than the 
critical amount of fuel material. This 
may range from a few pounds, in the 
case of a thermal reactor utilizing 
highly enriched uranium (or pluto¬ 
nium) , to several tons, when natural 
uranium is the fuel source. 

15.72. Within the limitations in¬ 
dicated above, there is still a large 
number of combinations, of fuel ma¬ 
terial, moderator (if any), reflector, 
coolant and method of heat removal, 
which appear to be practical for power 
reactor designs. Some idea of the rea¬ 
sonable possibilities are given in the 
appended table. To the fuel materials 
there will ultimately be added ura¬ 
nium-233, when this becomes avail- 
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able in quantity. Although some of 
the combinations of components are 
obviously better than others, there 
still remain about ten (or so) differ¬ 
ent reactor design concepts which 
appear to offer prospects for the eco¬ 
nomic production of power. In general, 
each system has both advantages and 
drawbacks, and without actual oper¬ 
ating experience, it is not possible to 
state definitely that any one is to be 
preferred over the others. To build 
full-scale plants of each type would 
be too costly (and wasteful), and so 
a number of reactors have been (or 
are being) constructed that are in the 
nature of power reactor experiments. 
The reactors are generally prototypes 
of those which might be used for large- 
scale power production, but they may 
lack much of the subsidiary equip¬ 
ment. From the information gained in 
these experiments it will be possible 
to decide upon the best reactor types 
for the future development of nuclear 
power.* 

15.73. Since the power reactor ex¬ 
periment of today may be the central 
station power reactor of tomorrow, 
the two categories will be considered 
together. In the ensuing section, some 
of the reactor types which seem to 
show the greatest promise will be re¬ 
viewed. 


TYPICAL POWER REACTORS 


Pressurized Water Reactors 

15.74. A power reactor design which 
has received much attention in the 
United States is the pressurized water 
system , utilizing water under pres¬ 
sure, up to 2000 pounds per square 
inch, as the moderator-coolant. The 


fuel elements are in the form of rods 
or plates of enriched uranium (or ura¬ 
nium dioxide) clad in a corrosion- 
resistant zirconium alloy or stainless 
steel. The temperature at the surface 
of the fuel elements may be as high as 
315°C (600°F). The pressurized water 


* In some countries, e.g., Great Britain, where conventional fuel sources are not as large 
as in the United States, it has been decided to build several full-Hcnle power reactors of one 
or two types without waiting for the results of an extensive series of power reactor experi¬ 
ments. 
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U circulated through the reactor core, 
from which it removes heat, and then 
through an external heat exchanger 
where steam is produced. Fairly typi¬ 
cal steam conditions would be a tem¬ 
perature of 255°C (490°F) and a pres¬ 
sure of 600 pounds per square inch. 

15.75. A pressurized water system 
Was used in the first nuclear reactor 
SVer to produce substantial amounts 
Of electrical power, starting on May 
31 , 1953.* This was the prototype 
(Mark I) of the reactor later installed 
tn the submarine U.S.S. Nautilus, 
which commenced its sea trials in 
January 1955. The original fuel 
Oharge in the nuclear-powered sub¬ 
marine reactor was not replaced until 
Shore than two years later when the 
Vessel had traveled some 60,000 nau¬ 
tical miles. It is estimated that in a 
Diesel-propelled submarine this would 
||||ve required about 720,000 gallons of 
fuel oil. The nuclear fuel consumed 
hits been described as being “about as 
large as a softball.” 

15.76. Because of the stringent space 
Hpdrements, the fuel for the sub¬ 
marine reactor is highly enriched in 
Ujranium-235. With water as the mod¬ 
erator, it is then possible to construct 
Cl core of small size. Somewhat similar 
considerations apply to the very com¬ 
pact Army Package Power Reactor, 
which is also of the pressurized water 
'type. This reactor is intended to act 
p a source of power in remote military 
bases, and it has been designed so that 
nil its components can be transported 
by air. , 

15.77. Where space is not at a pre¬ 
mium, e.g., in central-station electric 
power plants, a fuel of low enrichment 
can be used in a pressurized water re¬ 
actor. The advantages over the highly 


enriched fuel system are the lower 
cost of the fuel material, the partial 
regeneration of fissionable material 
by conversion of the uranium-238 
present into plutonium-239, and better 
conditions for heat removal due to the 
increased size of the core. 

15.78. The first full-scale nuclear' 
power plant in the United States, at 
Shippingport, Pennsylvania,f called 
the Pressurized Water Reactor 
(PWR), is based on a system of the. 
type just described. Two kinds of fuel 
elements are employed: natural ura- 
nium (as the dioxide) in rods, and 
highly enriched uranium, alloyed with 
zirconium, in the form of plates, ali¬ 
dad with a corrosion-resistant zirco¬ 
nium alloy. The average uranium-235 
content of the fuel is about 1.2 per 
cent. The steam temperatures and 
pressures are similar to those given in 
§15.74. The reactor is designed to 
produce 260,000 kilowatts of heat and 
the minimum electric power rating of 
the plant is 60,000 kilowatts. With an 
improved core design, this will prob¬ 
ably be increased to 100,000 kilowatts. 

15.79. An artist’s sketch of the 
Shippingport nuclear power installa¬ 
tion is shown in Fig. 15.4. As a safety 
precaution, in the event of an accident' 
due to a series of unforeseen circum¬ 
stances, the reactor and the four heat 
exchangers (or boilers) are completely 
enclosed in steel containers located 
under ground. These are seen at left- 
center of the sketch. The reactor itself 
is in the central container and two 
heat exchangers are in each of the 
others. A fourth container (not shown); 
holds the water pressurizing and other 
auxiliary systems. 

15.80. Because operation of the 
pressurized water reactor in the U.S.S. 


* The fn •Ml nuclear rend or over lo produce electricity, although only in small amounts, 
wft* the experimental breeder reactor (8 15,105) at Arco, Idaho, 
tTho reactor attained criticality on December 2, 1057, the fifteenth anniversary of the 
llwt nuclear chain reaction (H 14.53). 
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Nautilus and its prototype (Mark I) 
has been so successful, others of this 
type, with fuels of various degrees of 
enrichment in uranium-235, are either 
under construction or being planned 
for central-station power plants and 
for the propulsion of surface ships and 
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ployed as fuel. Power reactors based 
on these components are being favored 
in Canada and Norway, in particular, 
which have access to supplies of the 
necessary materials. A reactor design 
of the same type is also being studied 
in the United States. However, it has 



Fig. 15.4. Artist’s sketch of the Pressurized Water Re¬ 
actor plant at Shippingport, Pa. The reactor is shown in 
the central cylindrical vessel of the three at the left; the 
vessels in front and back contain the heat exchangers or 
boilers. (Westinghouse Bettis Atomic Power Division.) 


submarines. Since the temperature of 
the pressurized water is not very high, 
in terms of modern steam plants, some 
superheating is desirable. In certain 
nuclear power plant designs, there¬ 
fore, the steam is superheated in an 
oil- (or coal-) fired, furnace, so as to 
improve the operating efficiency of the 
turbine. 

15.81. If pressurized heavy water is 
used as the moderator-coolant, in¬ 
stead of ordinary water, then natural 
uranium, either in the form of metal 
or as uranium dioxide, can be em¬ 


been realized in this country, where 
the need for a new source of energy is 
not urgent, that reactors of the future 
must utilize plutonium-239, obtained 
from breeder reactors, as the main fis¬ 
sionable species. Thus, natural ura¬ 
nium as a fuel material can have only 
relatively short-range interest. 

Boiling Water Reactors 

15.82. It is well known that if boil¬ 
ing can be permitted, water is .much 
more effective for heat removal than 
if there is no boiling. For several years 
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it was felt that steam bubble forma¬ 
tion in a reactor would lead to a 
dangerous instability, but since 1953 
it has been shown, in a number of ex¬ 
periments carried out at Arco, Idaho, 
that water can be boiled quite safely 
in a properly designed reactor core by 
the fission-generated heat. Electric 
power was first generated from steam 
produced in such a boiling water re¬ 
actor in June 1955. In order to deter¬ 
mine the damage that might result 
from an accident, a reactor of this 
kind was deliberately allowed to go 
out of control, in July 1954, by in¬ 
creasing the power extremely rapidly. 
The reactor was destroyed as ex¬ 
pected, but the consequences were not 
disastrous. 

15.83. The boiling water reactor 
system, in which the water moderator- 
coolant is actually boiled directly 
within the reactor core, has many 
points in its favor. First, the elimina¬ 
tion of the external heat exchanger 
results in a considerable decrease in 
capital expenditure. Further, the pres¬ 
sure in the reactor vessel does not 

r have to be much greater than the 
required steam pressure. In a pres¬ 
surized water reactor, the pressures 
used to prevent boiling are much 
larger, so that stronger and more ex¬ 
pensive pressure vessels are required. 

15.84. The Experimental Boiling 
Water Reactor (EBWR), at the 
Argonne National Laboratory, de¬ 
signed for 20,000 kilowatts of heat 
power,! became critical on December 

1(1, 1956, and first generated electricity 
On December 23, 1956. Electricity at 
the full rated power of 5000 kilowatts 
was produced six days later. The re¬ 
actor employs plate-type fuel ele¬ 
ments, partly of natural uranium and 
partly of highly enriched material; 
the average uranium-235 content is 
about. 1.4 per cent. Steam is generated 


at a pressure of 600 pounds per square 
inch. A modification of the boiling 
water reactor is being considered with 
natural uranium as the fuel and heavy 
water as the boiling coolant-modera¬ 
tor. If the loss of heavy water due to 
leakage, etc., can be kept small, a re¬ 
actor of this design would have a 
strong appeal in countries which do 
not have facilities for the production 
of enriched uranium. 

15.85. A number of boiling water 
reactors are being built for the pro¬ 
duction of electric power on a large 
scale. One of these is to have a heat 
capacity of over 600,000 kilowatts. 
Some doubt has been expressed con¬ 
cerning the stability of a boiling re¬ 
actor operating at such a high power, 
but the problem can be resolved only 
by experience. Another question re¬ 
lating to a boiling water reactor is the 
possible contamination of the steam 
turbine system by radioactivity, thus 
adding to the difficulties of mainte¬ 
nance. The extent of this difficulty 
also remains to be seen. 

Homogeneous (Liquid Fuel) 
Reactors 

15.86. In the reactors described so 
far, solid fuel elements have been em¬ 
ployed. When, for one reason or an¬ 
other (§ 15.18), the fuel is no longer 
effective, the elements are removed 
and put through the complex series of 
processes for the recovery of the re¬ 
sidual fissionable and fertile mate¬ 
rials (§15.109). These must subse¬ 
quently be rcfabricated into new fuel 
elements. In order to avoid such 
costly procedures, homogeneous re¬ 
actor systems have been proposed, 
using an aqueous solution of uranyl 
sulfate as fuel similar to that in the 
water boiler type of reactor (§ 15.52). 
Water acts as the moderator as well 
as the fuel-carrying coolant medium. 
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Heat is generated by fission in the fuel 
solution under pressure, and this is 
circulated through an external heat 
exchanger where steam is produced, 
just as in a pressurized water reactor. 
Apart from the savings due to the 
elimination of fuel fabrication, a sig¬ 
nificant advantage of a homogeneous 
reactor, indicated in § 15.21, is the 
possibility of continuous removal of 
fission products (and other impurities) 
during operation. 

15.87. The major problem in con¬ 
nection with homogeneous reactors is 
the extremely corrosive nature of the 
fuel solution at the high operating 
temperatures, about 300°C (570°F). 
It is reported that, because of the cor¬ 
rosion problem, the British have aban¬ 
doned their experiments with homo¬ 
geneous aqueous systems. In the 
United States, however, experimental 
work on reactors of this type is pro¬ 
ceeding actively. Corrosion is mini¬ 
mized by using a fairly dilute solution 
of highly (about 90 per cent) enriched 
uranium as the fuel material; the con¬ 
taining vessels, pipes, etc., are made 
of a corrosion-resistant alloy of zir¬ 
conium. 

15.88. The Homogeneous Reactor 
Experiment (HRE) at Oak Ridge Na¬ 
tional Laboratory was built to test 
the feasibility of maintaining a fis¬ 
sion chain reaction in an aqueous 
circulating solution at high temper¬ 
atures and pressures. The reactor at¬ 
tained critically in April 1952 and was 
operated at heat power levels up to 
1000 kilowatts. On February 24, 1953, 
about 150 kilowatts of electricity were 
generated, through its associated 
steam turbogenerator system. The 
HRE was dismantled in December 
1954 to make room for a larger-scale 
homogeneous reactor experiment, 
known as the Homogeneous Reactor 
Test (HRT). In this form, the fuel 
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carrier is heavy water, which permits 
the use of a low concentration (9.6 
grams uranium-235 per 1000 grams of 
heavy water) of uranyl sulfate, be¬ 
cause the neutron absorption cross 
section in heavy water is considerably 
less than in ordinary water. Heavy 
water is also the reflector (or blanket) 
medium. 

15.89. Since the fuel material con¬ 
tains very little uranium-238 there is 
essentially no regeneration of fission¬ 
able material within the core. It is 
proposed, however, to add fertile ma¬ 
terial, probably in the form of a sus¬ 
pension of thorium dioxide, to the 
heavy water reflector so as to provide 
a blanket in which conversion can 
occur. It is hoped, in this manner, 
ultimately to achieve thermal breed¬ 
ing of uranium-233 (§ 15.46). 

15.90. The evolution of the explosive 
hydrogen (or deuterium) -oxygen gas 
mixture, due to decomposition of the 
water (or heavy water) by fission 
products and nuclear radiations, rep¬ 
resents a problem. The volume of gas 
evolved can be reduced by adding 
certain substances, e.g., copper salts, 
to the fuel solution, and by applying 
an excess pressure. In the HRT, the 
pressure on the core solution, for ex¬ 
ample, is 2000 pounds per square inch. 
The evolved gases, which carry with 
them fission product gases including 
the strong reactor poison xenon-135, 
are passed on to a vessel called a re¬ 
combiner. This contains a catalyst 
which causes the hydrogen and oxy¬ 
gen to combine to re-form water (or 
heavy water). The radioactive fission 
product gases which remain are ad¬ 
sorbed on charcoal and allowed to 
decay. 

15.91. A special feature of a homo¬ 
geneous power reactor is that it can be 
controlled without the usual neutron¬ 
absorbing control rods. The operating 
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temperature is increased by increasing 
the concentration of the fuel solution 
and the power level is adjusted by the 
rate of heat removal in the external 
heat exchanger. If heat is removed 
rapidly, the fuel solution returns to 
the reactor core at a relatively low 
temperature. This causes an increase 
in the multiplication factor and con¬ 
sequently the power level rises to bal¬ 
ance the rate of heat removal. Sim¬ 
ilarly, a decrease in the heat demand 
causes the temperature of the core to 
increase and this is accompanied by a 
drop in the power level. To shut the 
reactor down, the fuel solution is 
diluted with water (or heavy water) 
until it is noncritical, the excess liquid 
being collected in storage tanks. In 
Starting up again, the solution is con¬ 
centrated to the required value by 
evaporating the added w T ater (or 
heavy water). For emergency shut¬ 
down, the fuel solution is rapidly 
emptied into dump tanks. 

15.92. A circulating fuel reactor of 
an entirely different type is the Liquid 
Metal Fuel Reactor Experiment 
pLMFR) designed by the Brookhaven 
National Laboratory. The fuel is a 
Hilute solution of highly enriched ura- 
gium metal in molten bismuth. This 
permits operation, without pressuriza¬ 
tion, at high temperatures which are 
Dot practical with aqueous systems. 
.The thermal neutron capture cross 
lection of bismuth is quite small, but 
since its mass number is high, it does 
not slow down neutrons to any extent. 
Hence, ja stationary graphite modera¬ 
tor is us(?d in the reactor core. The 
fuel solution is circulated within the 
moderator and through an external 
heat exchanger for the production of 
steam of good quality, i.e., high tem¬ 
perature and pressure. Superheating 
of the steam can be achieved, if de¬ 
sired, without the conventional super¬ 


heater necessary in water-cooled re¬ 
actors. The complete design of the 
LMFR calls for a regenerating (or 
breeding) blanket, surrounding the 
core, containing thorium as fertile 
material, in the form of the compound 
Th 3 Bi 5 , suspended in liquid bismuth. 

Graphite-Moderated Reactors • 

15.93. Although they differ some¬ 
what in their individual character¬ 
istics, it will be convenient to consider 
next reactors with graphite as modera¬ 
tor and reflector and employing solid 
fuel elements. In the United States, 
attention is being given to a thermal 
reactor with liquid sodium as the 
coolant. The Sodium Reactor Experi¬ 
ment (SRE), with a heat power level 
of 20,000 kilowatts, is the first stage/ 
and the Sodium Graphite Reactor 
(SGR) represents a full-scale develop¬ 
ment (250,000 kilowatts). The fuel 
rods of slightly enriched (about 1.7 
per cent uranium-235) uranium metal, 
clad with stainless steel, are held 
vertically in channels through which 
the liquid sodium flows. The graphite 
moderator is contained in a number of 
zirconium cans, with a fuel and 
coolant channel at the center of each. 
The liquid sodium flows through the' 
reactor core and then circulates 
through an external heat exchanger. 

15.94. Since sodium acquires, con¬ 
siderable radioactivity due to neutron 
capture (§ 15.31), it is desirable, from 
the safety standpoint, to incorporate 
two heat-exchanger circuits when this 
metal is used as reactor coolant. In 
the primary heat exchanger, which? 
has a radiation shield, the heat is 
transferred from the radioactive re¬ 
actor coolant to nonradioactive sodium 
(or sodium-potassium alloy). The 
latter is then circulated through an 
unshielded secondary heat-exchange 
system where steam in produced. By 
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designing this heat exchanger in sec¬ 
tions, saturated steam formed in one 
section can be superheated in another. 
The design temperature for the steam 
is about 440°C (825°F), the upper 
limit being determined by the pos¬ 
sibility of corrosion of the cladding 
materials in the reactor core by the 
liquid sodium. The advantage of a 
sodium-cooled reactor is the high 
steam temperature attainable without 
pressurization, thus reducing the dan¬ 
ger of the spread of radioactivity in 
the event of an accident. On the other 
hand, hot liquid sodium is by no 
means a simple material to handle. 

15.95. As indicated earlier, natural 
uranium graphite reactors with gas¬ 
eous coolants have received consider¬ 
able attention in England. The interest 
in such reactors started with the air¬ 
cooled production reactors at Wind- 
scale which were considered to be less 
hazardous than the water-cooled 
Hanford reactors in the United States. 
In the Calder Hall reactors, as used 
in the world’s first full-scale nuclear 
power plant, which commenced official 
operation on October 17, 1956, the 
carbon dioxide gas is at a pressure of 
100 pounds per square inch. It is 
heated to 336°C (637°F) by passage 
around the magnesium (alloy)-clad 
fuel elements, arranged vertically in a 
matrix of graphite. In the heat ex¬ 
changers, which consist of a boiler and 
superheater, steam is produced at 
313°C (595°F) and 210 pounds per 
square inch pressure. Each reactor, 
containing 130 tons of uranium, has a 
heat power of about 180,000 kilowatts 
and an electrical output of some 39,000 
kilowatts. Improvements in design, 
such as operation with carbon dioxide 
at higher pressures, and alternative 
cladding, to permit high reactor tem¬ 
peratures, may increase both heat and 
electrical power levels. 


Other Power Reactors 

15.96. The first nuclear power plant 
in the U.S.S.R. commenced operation 
on June 27, 1954; its electrical output 
is 5000 kilowatts, with a heat power 
of about 25,000 kilowatts, so that it 
is not really a full-scale industrial 
system. The reactor fuel is uranium 
metal of 5 per cent uranium-235 en¬ 
richment; the moderator is graphite 

I and water under pressure is the cool¬ 
ant. The fuel elements are long tubes 
clad internally and externally with 
stainless steel, and effective heat re¬ 
moval is achieved by flowing pressur¬ 
ized water both along the inside and 
the outside of the tubes. The fabrica¬ 
tion involves numerous welded joints 
and the cost would be prohibitive in 
the United States. The cooling water 
is circulated through an external heat 
exchanger where steam is generated at 
260°C (500°F) and 185 pounds per 
square inch pressure. 

15.97. The special advantages of an 
organic hydrocarbon, e.g., a poly¬ 
phenyl, of high boiling point as mod¬ 
erator-coolant were mentioned in 
§ 15.32. The purpose of the Or¬ 
ganic Moderator Reactor Experiment 
(OMRE) in the United States is to 
test the effectiveness of such a mod¬ 
erator-coolant. By avoiding the use of 
pressurized water on the one hand, 
and liquid sodium, on the other hand, 
the possible hazards resulting from 
an accident are greatly minimized. 
Further, the problems of corrosion 
and of possible interaction of the 
coolant with the fuel material are 
insignificant. Organic hydrocarbons 
are, however, much less efficient in 
heat removal than are either water or 
liquid sodium; this may require an 
increase in the total area of the fuel 
elements. With an organic liquid of 
sufficiently high boiling point, it may 
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be possible eventually to obtain super¬ 
heated steam of fair quality for opera¬ 
tion of a turbogenerator. The OMRE 
is designed to produce steam at 288°C 
(550°F) and a pressure of 415 pounds 
per square inch. 

15.98. Although gas cooling of the 
type used in British reactors has not 
been favored in the United States, 
partly because of the large amount of 
power required to pump the gas 
through the reactor and heat ex¬ 
changer, and also because of the large 
fuel inventory, there is interest in 
some special applications of gas cool¬ 
ing. One of these arises from the fact 
that a gas-driven turbine of small 
size is less expensive than a steam 
turbine of the same power. Hence, a 
closed-cycle, gas-cooled reactor, with 
the hot compressed gas operating a 
turbine directly, would be of great in¬ 
terest, at military installations, for 
example, in remote areas. In order to 
attain good thermal efficiency, very 
high reactor temperatures are re¬ 
quired, and for this purpose a refrac¬ 
tory type of fuel element, e.g., of 
uranium dioxide, without cladding, is 
desirable. As moderator, either graph¬ 
ite or beryllium oxide could satisfy 
the requirement of being able to with¬ 
stand high temperatures. Gas-cooled 
reactors for other purposes, e.g., mer¬ 
chant ship propulsion, are also being 
• Studied. 

> 15.99. The foregoing descriptions 

have covered briefly essentially all of 
the most promising types of thermal 
power realtors. A number of others 
have been given more or less serious 
attention, including one moderated by 
heavy water and cooled by liquid so¬ 
dium. This should be a very efficient 
system if the difficult engineering and 
constructional problems can be solved 
economically. Such a reactor would 
have an excellent coolant not requiring 
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pressurization combined with the best 
moderator. The latter would have to 
be kept cool enough to avoid the 
necessity for high pressures to prevent 
boiling. Special care must, of course, 
be taken to prevent access of the 
heavy water to the hot sodium; con¬ 
tact between these substances could 
be disastrous. 

Intermediate Reactors 

15.100. As stated in § 15.10, only- 
one intermediate reactor has been de¬ 
signed; two reactors have been con¬ 
structed, one a prototype at the Knolls 
Atomic Power Laboratory and the 
other, the Submarine Intermediate 
Reactor, installed in the submarine 
U.S.S. Seawolf. These reactors have 
beryllium as (partial) moderator and 
are cooled with liquid sodium.< They 
have operated successfully, although 
mechanical trouble was experienced 
in the steam superheater portion of the 
heat exchanger. 

Fast Reactors 

15.101. The only type of power re¬ 
actor remaining to be described is the 
so-called fast breeder , i.e., a reactor 
which produces power due to fissions, 
by fast neutrons and at the same 
time regenerates more fissionable ma¬ 
terial than it consumes. Fortunately, 
the possible variations in the compo¬ 
nents of a fast reactor are limited and 
future developments will probably 
represent improvements in design 
based on operating experience with a 
number of reactor experiments. 
Strictly speaking, a breeder reactor 
should produce the same fissionable 
material as it consumes, e.g., pluto¬ 
nium-239 in a fast reactor using ura¬ 
nium-238 as the fertile material. 
Ultimately, such reactors must assume 
a prominent rolo in the nuclear power 
program. For the present, however, 
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Hie fissionable species consumed in 
many fast reactors will be uranium - 
235, so that they are not strictly 
breeders. This name is, nevertheless, 
applied to such reactors, since they 
will, it. is expected, have a conversion 
efficiency of over 100 per cent. 

15.102. In reviewing the possible 
components of a fast reactor system, 
consider, first, the fuel material. This 
must contain a fairly large proportion 
of either uranium-235 or plutonium- 
239 Uranium-233 could be used if it 
were available, but there would he no 
point to utilizing this fissionable ma¬ 
terial in a fast reactor when almost 
us high a breeding gain can be 
achieved in a thermal reactor. Some 
dilution of the fuel with an element of 
high mass number is permissible, so 
as to increase the size of the core 
and facilitate heat removal. However, 
such dilution generally results in an 
increase in the quantity of fissionable 
material required to attain criticality, 
thereby increasing capital costs. 

15.103. The coolant in a fast reactor 
must not contain elements of low mass 
number because they would slow down 
the neutrons. Further, solution of the 
problem of rapid heat removal from 
a relatively small reactor core de¬ 
mands operation at high temperatures 
and the use of a coolant with excellent 
heat-removal properties. There is only 
one substance, namely, liquid sodium, 
which can satisfy the requirements. 
An alloy of sodium and potassium 
was favored at one time, mainly be¬ 
cause it remains liquid at ordinary 
temperatures, whereas sodium itself 
solidifies. But the alloy has inferior 
properties as a coolant and its use is 
no longer recommended. 

15.104. There is, of course, no mod¬ 
erator in the core of a fast reactor, 
and the breeding blanket of uranium- 
238 serves effectively as a reflector. 
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This may be surrounded by a moder¬ 
ating material and a neutron absorber 
to decrease the radiation hazard. Fast 
neutrons escaping from the exterior 
of the blanket would be difficult to 
absorb, but they can be captured much 
more readily after being slowed down 
in the moderator. In order to obtain 
as high a breeding efficiency as pos¬ 
sible, a central “blanket” of fertile 
material may be located within the 
core, in addition to the one which sur¬ 
rounds it. , 

15.105. The first Experimental 

Breeder Reactor (EBR-I), designed 
by the Argonne National Laboratory, 
commenced operation at Arco, Idaho, 
toward the latter part of 1951 and 
produced over 100 kilowatts of elec¬ 
trical output on December 20 of that 
year. This date is of historical signfi- 
cance, since it marked the first pro¬ 
duction of electricity using the energy 
of nuclear fission. The fuel elements 
consist of stainless steel tubes contain¬ 
ing highly enriched uranium metal, the 
sodium-potassium alloy coolant flow¬ 
ing around these tubes. The core has 
been described as “about the size of 
a regulation football.” The breeding 
blanket is in two parts: first a number 
of rods of natural uranium metal sur¬ 
rounding the core and next a number 
of keystone-shaped blocks of the same 
material. Control of the reactor u 
achieved by moving uranium metal 
rods in and out of the exterior blanket. 

15.106. After operation for some 
time, analysis of the fuel and blanket 
materials of the EBR-I showed that 
the conversion efficiency achieved, ne. 7 
the ratio of plutonium-239 produced 
to the total uranium-235 consumed, 
was just, over 100 per cent. Since the 
conditions were not ideal, it may he 
assumed from this result that breed¬ 
ing of plutonium-239 should he prac¬ 
tical This has been confirmed by ex¬ 
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periments in Great Britain on a fast 
reactor of very low power (2 watts) 
employing plutonium as the fuel. On 
the small scale used, it was found that 
at least two nuclei of plutonium were 
produced for each one consumed. The 
breeding gain was, therefore, very 
significant. 

15.107. A second Experimental 
Breeder Reactor (EBR-II) in the 
United States is intended as a proto¬ 
type for a fast-neutron reactor power 
plant. The fuel elements consist of a 
number of thin rods (“pins”) of an 
alloy of uranium and plutonium en¬ 
closed in stainless steel tubes. The 
breeding blanket is in three parts: the 
central blanket in the middle of the 
core, an inner blanket around the core 
and, finally, an outer blanket. The 
reactor is controlled by movement of 
parts of the core section into and 
out of the reactor, thereby increasing 
or decreasing, respectively, the effec¬ 
tive multiplication factor. The coolant 
is liquid sodium, producing steam 
through a system of two heat exchang¬ 
ers, as described in § 15.94. The tem¬ 
perature of the superheated steam is 
about 460°C (850°F) and the pressure 
is 1250 pounds per square inch. The 
heat power of the reactor is 60,000 
kilowatts and the electrical capability 
is 20,000 kilowatts. Fast breeder re¬ 


actors, of higher power, under con¬ 
struction in the United States and in 
Great Britain, are generally similar 
to EBR-II, although the composition 
of the fuel may differ. 

15.108. A difficulty associated with 
the use of plutonium as a fuel is that 
the solid metal exists in six different 
modifications between normal tem¬ 
peratures and its melting point at 
640°C (1185°F).* The change from 
one form to another, as the tempera¬ 
ture is increased or decreased, is ac¬ 
companied by a change in density. A 
fuel element made of plutonium metal 
would thus be dimensionally unstable 
and unsuitable for use in a reaetdr 
operating at a high power level. Pos¬ 
sible solutions to the problem are to 
employ alloys of plutonium with other 
metals or to avoid the metallic state 
entirely by utilizing a compound, 
such as plutonium dioxide (Pu0 2 ). 
Another promising possibility is to 
use the plutonium in a liquid alloy 
form; this is being studied at the 
Los Alamos Scientific Laboratory. 
Combination of a liquid-metal: fueled 
reactor with a method for processing 
the spent fuel, without the necessity 
for fabricating solid fuel elements, 
would represent an important advance 
in power reactor technique. 


SPENT FUEL PROCESSING 


Recovery of Fertile and 
Fissionable Materials 

15.109: When the fuel elements are 
removed from a reactor, either due to 
the accumulation of fission product 
poisons, because of radiation damage 
or as a result of impoverishment in 


fissionable nuclei, they will inevitably 
contain considerable amounts of fis¬ 
sionable, and often fertile, material 
which cannot be discarded. The effec¬ 
tiveness of the method of recovery 
to be employed depends on the nature 
of the fuel and the form in which it is 


* Uranium metal exists in three modifications, but the first change does not occur until 
602°C (1224°F) f which is above the operating temperature of reactors using the metal as a 
fuel. 
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used in the reactor. In the case of a 
homogeneous reactor, for example, all 
that is required in processing is the 
removal of the worst of the fission 
product poisons. On the other hand, in 
a production-reactor or breeder with 
solid fuel elements, it may be neces¬ 
sary to extract the fissionable and fer¬ 
tile materials separately and to purify 
them to such an extent that the radia¬ 
tions emitted do not represent a haz¬ 
ard in refabrication of the fuel ele¬ 
ments or breeding blanket. Efficient 
recovery of fissionable material is of 
special importance in the treatment 
of breeder blankets; a small loss in the 
recovery process, which might nor¬ 
mally be regarded as quite tolerable, 
could completely nullify the breeding 
gain. 

15.110. The first method devised for 
the recovery of plutonium from spent 
uranium fuel elements involved a com¬ 
plex precipitation procedure (§ 16.32), 
but this has now been superseded by 
a simpler treatment. The basic process 
is applicable to fuels of all types, 
with some modifications according to 
circumstances. After removal of the 
cladding, the spent fuel or breeder 
material is dissolved in nitric acid and 
an oxidizing agent added, if necessary, 
to insure that all of the uranium 
and plutonium is in the most highly 
oxidized (VI) state. The nitrates of 
these elements can then be extracted 
from the aqueous solution by means 
of certain organic solvents, which do 
not mix with water. The one com¬ 
monly used in the United States is 
tributyl phosphate (TBP) diluted 
with a hydrocarbon, such as kerosene. 
The fission products remain in the 
aqueous solution and can be discarded. 
The fertile and fissionable materials 
can then be back-extracted from 
the organic liquid by means of wa¬ 
ter. 
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15.111. To separate plutonium from 
uranium, use is made of the fact that 
the former is fairly easily reduced to 
a lower oxidation (IV) state in which 
the nitrate is no longer soluble in the 
organic solvent. The uranium, on the 
other hand, is difficult to reduce and 
remains soluble. Thus, if the organic 
liquid containing uranium and pluto¬ 
nium is extracted with an aqueous 
solution of a reducing agent, the re¬ 
duced plutonium passes into the aque¬ 
ous medium but the uranium remains 
in the organic solvent. 

15.112. The processing of spent fuel 
by the extraction method just de¬ 
scribed has proved quite successful. 
When solid fuel elements are involved, 
however, the fact that they have to be 
dissolved first, and subsequently have 
to be refabricated after recovery, adds 
considerably to the cost of nuclear 
power. Consequently, other methods 
of processing are being investigated 
which may have economic advantages. 
Two of these will be mentioned. One 
involves conversion of the spent fuel 
into a mixture of fluorides; upon dis¬ 
tillation, the volatile uranium hexa¬ 
fluoride comes off as a vapor, leaving 
most of the fission products behind 
in the residual solid. Unfortunately, 
plutonium also remains, and so it 
must be extracted with an organic 
solvent. The fluoride method would 
appear to lend itself best to the sepa¬ 
ration of uranium-233 from thorium 
breeder blankets, since the thorium 
fluoride is not volatile. Another prom¬ 
ising approach is to make use of high- 
temperature (pyrometalliirgical) tech¬ 
niques such as are often employed in 
the extraction and purification of 
common metals. The spent fuel may 
perhaps be heated until it melts and 
impurities extracted with another 
liquid metal, by means of a suitable 

i salt or as an oxide slag. 
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Disposal of Fission Products 

15.113. No matter what method is 
used for treating spent reactor fuel, 
there always remains the problem of 
disposing of the highly radioactive 
fission product wastes. To some extent, 
it may be possible to find useful ap¬ 
plications for certain of the fission 
products, as will be indicated in Chap¬ 
ter XVII, but it is reasonable to as¬ 
sume that much material will remain 
for disposal. In the United States 
considerable volumes of waste solu¬ 
tions are stored in underground tanks 
until the radioactivity decays suffi¬ 
ciently to permit their removal. The 


liquid wastes of low activity from the 
plutonium plants in Great Britain 
are pumped into the sea at a distance 
of about two miles from shore. These 
are probably temporary expedients 
and, as the nuclear power industry 
grows, other methods must be found 
for disposing of the radioactive wastes. 
One possibility, worked out at the 
Brookhaven National Laboratory, iH 
to concentrate some of the main con¬ 
stituents in a special clay. Upon heat¬ 
ing, the radioactive material becomes 
strongly attached to the clay and 
cannot be washed out; it can then be 
buried at sea or on* land. 


ECONOMICS OF NUCLEAR POWER 


Nuclear Fuel Resources 

15.114. The future of fission as a 
source of useful energy depends, of 
course, on the availability of adequate 
supplies of uranium and thorium. Ac¬ 
cording to estimates made by geolo¬ 
gists, uranium is present to the extent 
of four parts per million (4 grams per 
ton) of the earth's crust, and the 
amount of thorium is nearly three 
times as great. This would make these 
fertile materials as plentiful as zinc, 
lead and tin, and more abundant than 
mercury, silver and gold. However, 
this information, although correct, is 
misleading. The reason is that, 
whereas most of the familiar metals 
occur in relatively concentrated forms 
in well segregated ores, much of the 
uranium and thorium is so widely dis¬ 
persed that significant concentrations, 
in workable deposits, are the excep¬ 
tion rather than the rule. 

15.115. Only two sources of rela¬ 


tively high-grade uranium ores are 
known;* these are the deposits in the 
Belgian Congo and Canada, which 
contain 1 to 4 per cent of uranium 
oxide (Us0 8 ). Ores of medium grade, 
with from 0.1 to 1 per cent of this 
oxide, are found in large quantities in 
Australia, Canada, Portugal, the 
United States and elsewhere. In the 
continental United States, the princi¬ 
pal deposits are those of the Colorado 
Plateau, an area which includes parts 
of Arizona, Colorado, New Mexico 
and Utah. The average composition of 
the ores mined in this region is about 
0.25 per cent of uranium oxide.f 

15.116. Low-grade sources of ura¬ 
nium, containing less than 0.1 per 
cent of uranium oxide, are economic 
at the present time only if the uranium 
is a by-product of another process. 
Among the most important of these 
are the South African gold-ore resi¬ 
dues, with about 0.02 per cent of 


* The information given here applies only to countries outside the orbit of the U.S.8.R. 
t The IT. 8, Atomic Energy Commission will purchase all domestic ores with a uranium 
conlenl down to 0,1 per cent of UiO« or its equivalent, i.e., 1.7 pounds of uranium element 
nor ton of uro, 
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uranium. The mining costs in this case 
have already been assigned to the gold, 
so that economic recovery of the 
uranium is feasible. A similar, al¬ 
though less favorable, situation ex¬ 
ists in connection with the extensive 
phosphate deposits in Florida and 
Idaho, which contain up to 0.01 per 
cent of uranium. The extraction of 
this element is then a by-product of 
the manufacture of phosphoric acid 
and of phosphate fertilizers. From 
the long-range viewpoint, recovery of 
uranium from the oil shales of Ten¬ 
nessee and the lignite beds in Wyom¬ 
ing is of some interest. Possible 
methods for extracting the nuclear fuel 
from these materials at a reasonable 
cost are being studied. 

15.117. Although the total amount 
of thorium in the earth’s crust ex¬ 
ceeds that of uranium, the econom¬ 
ically recoverable quantities of the 
former are probably much less. The 
only known commercially useful 
sources of thorium are the monazite- 
bearing sands of Travancore, India. 
Considerable quantities of these sands 
are also found in Brazil and smaller 
amounts occur in other parts of the 
world, including North and South 
Carolina, Florida and Idaho in the 
United States. The monazite sands 
almost invariably contain some ura¬ 
nium as well as thorium. 

15.118. Because of the highly vari¬ 
able nature of uranium and thorium 
deposits, both as regards composition 
and extent, and the lack of reliable 
information, estimates of the total re¬ 
serves of fissionable and fertile ma¬ 
terials cannot be too accurate. A fur¬ 
ther complication is that the reserves 
depend upon the concentration of ura¬ 
nium in the mineral that can be ex¬ 
tracted economically. In other words, j 

* The price of uranium metal in the United 
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the quantity of uranium and thorium 
available is determined by the cost 
that can be paid for recovery of the 
metal from the ore. It has been esti¬ 
mated that, assuming et price of $100 
per pound, and allowing for techno¬ 
logical advance, the world’s reserves 
are 25 million tons of uranium and 1 
million tons of thorium.* 

15.119. Since uranium-235, present 
to the extent of 0.7 per cent in natu¬ 
ral uranium, is the only fissionable 
material in nature, the total reserves 
of this isotope would be roughly 
175,000 tons. This is equivalent in 
heat energy to 1.25 X 10 19 B.T.U. At 
the present rate of the world’s power 
consumption (10 17 B.T.U. per annum), 
this would represent a 125 year’s sup¬ 
ply. But, if power were used in all 
parts of the world at the same rate as 
in the United States at the present 
time, the directly fissionable material 
would supply the world’s needs for not 
more than about 20 years. 

15.120. With breeding as a practical 
possibility and, in fact, a necessity if 
nuclear fuel is to make a significant 
contribution to the world’s energy re¬ 
sources, allowance must be made for 
the fertile materials. Assuming that 
one third of the latter can be con¬ 
verted into fissionable materials at a 
reasonable cost, the total heat energy 
available from fission would be 6.2 X 
10 20 B.T.U. This is about forty times 
as great as could be obtained from 
the uranium-235 alone. For purposes 
of comparison, it may be recorded that 
the heat content of the coal, oil, gas 
and oil shale, recoverable at not more 
than twice the present cost, is esti¬ 
mated to be about 4 X 10 19 B.T.U. 
It is apparent, then, that nuclear fuels 
can make a substantial contribution 
to the world’s energy resources. 

States in 1957 is just over $18 per pound. 
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Cost of Nuclear Power 

15.121. Several attempts have been 
made to estimate the cost of electricity 
produced from nuclear fission. Until 
more data are available concerning 
the costs of constructing and operating 
large-scale nuclear power plants, the 
conclusions are largely in the nature 
of intelligent guesses. It seems certain 
that electricity from nuclear fuel will 
be initially more expensive than elec¬ 
tricity produced in plants burning 
fossil fuels, i.e., coal or oil. But the 
order of the difference is such as to 
indicate that, in the course of time, 
the cost of nuclear power can be de¬ 
creased so as to be competitive with 
power from more conventional sources. 

15.122. In the meantime, there are 
jCircumstances where the use of nuclear 
energy can be justified, on economic 
or other grounds. In areas where nei¬ 
ther fossil fuels nor water power is 

Iftvailable and where the cost of trans¬ 
porting coal or oil is high, nuclear 
reactors /might prove to be worth 
While even in their present early state 
of development. A transportable 
nuclear power system, for use in the 


event of a disaster or other emergency, 
represents a possible application where 
cost is a secondary consideration. 

15.123. Another justifiable applica¬ 
tion of nuclear power arises from the 
fact that the space occupied by a 
reactor and its fuel is much less than 
for a conventional system of equiva- 
, lent energy output. Thus, a nuclear 
power plant would be advantageous 
for the propulsion of ships, either war¬ 
ships or merchant vessels, which must 
at present give up valuable space to 
store large quantities of oil or coal. 
A somewhat similar situation arises in 
connection with the propulsion of an 
aircraft, and considerable work has 
been done on the development of p, 
nuclear reactor for this purpose. Dur¬ 
ing 1956, a turbojet engine, such as is 
used in aircraft, was driven (pn the 
ground) for the first time, at least in 
the United States, by nuclear power. 
It appears, therefore, that a nuclear- 
powered airplane is a distinct possi¬ 
bility, although there are still prob¬ 
lems to be solved before it is a 
practical proposition. ; 
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THE TRANSURANIUM ELEMENTS 


Discovery and Properties 
of Neptunium 

16.1. The element plutonium, which 
was unknown and probably did not 
even exist to any appreciable extent 
in 1939, has become of great signifi¬ 
cance in the world’s social ana eco¬ 
nomic outlook. As seen in the preced¬ 
ing chapters, it can be employed as a 
source of energy of explosive violence, 
or it can be made to liberate energy 
more slowly in a manner that may 
make feasible the production of useful 
power. At the same time, it should 
he possible for the plutonium-239 to 
regenerate, by breeding, more than is 
consumed, thereby utilising m a source 
of power material that might other- 
wise be of no value in this respect. _ 

16 2 To the scientist, plutonium is 
also of special interest as a member 
of a group of elements, called the 
transuranium elements, that lie be¬ 
yond uranium in the periodic system. 
These elements, with atomic numbers 
greater than 92, and of which several 
are known, are important not only be¬ 
cause they have been obtained by 
artificial means; the arrangement of 
the orbital electrons (§ 4.63) m the 
atoms of these elements is an intri¬ 
guing problem for both physicists and 
chemists. Further, the investigation 
and isolation of compounds of the 


transuranium elements in the pure 
state has led to the development ot the 
remarkable new techniques of quan¬ 
titative ultramicrochemistry; this 
makes possible experiments with frac¬ 
tions of a cubic centimeter of solutions 
containing a few millionths of a gram 
of dissolved substance. vttt +Vl 
16 3 As seen in Chapter Xlll, tne 

many radioactivities observed when 
uranium was irradiated with slow neu¬ 
trons, which were at first attributed 
to transuranium elements, were later 
shown to be due to various fission 
products. Consequently, although ele¬ 
ments of atomic number exceeding 92 
were undoubtedly present, they were 
not definitely identified until later 
I when the situation had been somewhat 
clarified by the discovery of fission. 
Among the several beta-particle decay 
periods which had been observed fol¬ 
lowing the interaction of uranium with 
neutrons was one of 23 mm. This 
could not be separated in any way 
from the uranium itself, and hence 
in 1936, O. Hahn, L. Meitner and It. 
Strassmann in Germany attributed l 
to the uranium-239 isotope formed by 
the radiative capture reaction, 

92 U 238 + o ri -* 92 U 239 + 7- 

Upon emitting a beta particle, the 
uranium-239 should form the trans- 
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uranium element of atomic number 93, 
but this was not identified. 

16.4. In the course of experiments 
designed to confirm the phenomenon 
of fission, made by E. M. McMillan in 
Berkeley early in 1939, in which a thin 
layer of uranium oxide was exposed to 
slow neutrons, a non-recoiling, beta- 
emitting product of 23 min. half life 
was observed. This was undoubtedly 
uranium-239; not being a fission frag¬ 
ment it would not be expected to re¬ 
coil from the target. In addition, a 
non-recoiling beta activity of 2.3 days 
was detected, the chemistry of which 
followed that of the rare earths. In 
other words, when a rare-earth ele¬ 
ment, added as a carrier to the solu¬ 
tion, was precipitated, the precipitate 
carried with it the 2.3-day activity. At 
first it was thought that the latter was 
due to a radioactive rare-earth iso¬ 
tope, but this interpretation was 
shown to be incorrect. 

16.5. As a result of further investi¬ 
gation, E.' M, McMillan and P. H. 
Abelson were able to show in 1940 
that the 2.3-day product was gen¬ 
erated from uranium-239 at a rate 
exactly that required by the 23-min. 
half life of the latter. Hence, the 2.3- 
day period is due to the element of 
atomic number 93, mass number 239, 
formed by beta decay of the uranium- 
239; thus, 

92 U 239 -> 93 289 + -\e°. 

The first true transuranium element, 
discovered in this manner, was later 
called fieptunium } symbol Np, by Mc¬ 
Millan, alter the name of the planet 
Neptune, lying beyond Uranus in the 
solar system. 

16.6. It was indicated in § 1.49 that 
there had been some uncertainty con¬ 
cerning the position in the periodic 
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table of the elements following actin¬ 
ium. The most general view, which 
appeared to find support from the 
work done on the false, so-called 
transuranium elements from 1934 
through 1938 (§ 13.2 et seq .), was that 
they were analogous to Period 5, 
rather than Period 6 , containing the 
rare-earth (lanthanide) series (see 
Periodic Table in §1.44). It is true 
that the elements actinium, thorium, 
protactinium and uranium resemble 
their Period 5 homologues yttrium, 
hafnium, tantalum and tungsten, re¬ 
spectively; consequently, it was to be 
expected, that the chemistry of nep¬ 
tunium should be similar to that olf 
rhenium. But upon investigation, Mc¬ 
Millan and Abelson proved that this 
was not the case. ‘ , 

16.7. Unlike rhenium, neptunium 
does not precipitate with hydrogen 
sulfide in acid solution; it is not re¬ 
duced to the metallic state by zinc, 
neither does it have an oxide volatile 
at red heat. It was found, however, 
that in a reducing (sulfur dioxide) 
solution neptunium could be precipi¬ 
tated with cerium (III) as fluoride, 
CeF 3 ,* like a rare ' earth, or with 
thorium (IV) as iodate, Th(I0 3 ) 4 . On 
the other hand, after oxidation with an 
acid bromate solution, the neptunium 
activity could be separated with so¬ 
dium uranyl (VI) acetate. Subsequent 
work has shown that neptunium re¬ 
sembles uranium in the respect that 
both exist in (III), (IV), (V) and 
(VI) oxidation states. One of the main 
differences in the properties of the 
two elements lies in the fact that nep¬ 
tunium (VI) is more easily reduced 
to the (IV) and (III) states than is 
uranium (VI). The most stable com¬ 
pounds of the former element are those 
of the oxidation state (IV), such as 


* The neptunium fluoride may have been Np(III)Fi or Np(IV)F<, both of which are insol¬ 
uble, or a mixture of the two. 
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Np0 2 and NpF 4 , but for the latter 
the uranyl (VI) compounds are the 
most stable. 

16.8. Soon after the discovery of 
the 2 . 3 -day Np 230 isotope of neptu¬ 
nium, another isotope was identified 
by G. V. Seaborg, E. M. McMillan, 

J. W. Kennedy and A. C. Wahl of the 
Radiation Laboratory, Berkeley, at 
the end of 1940. By bombarding ura¬ 
nium oxide with fast deuterons from 
a cyclotron, the (d, 2 n) reaction 

92 U 238 + iH 2 -► 9 sNp 238 + 2on 1 

took place. The product Np 238 is beta 
active, decaying with a half life of 2.0 
days. 

16.9. The two isotopes of neptunium 
mentioned so far are too unstable to 
make other than a tracer study of the 
chemistry of this element possible 
(§16.12). It is fortunate, therefore, 
that a third isotope, with a much 
longer half life, was discovered by 
A. C. Wahl and G. T. Seaborg early 
in 1942. In 1940, both G. Nishina 
and his associates in Japan, and E. M. 
McMillan in Berkeley had found that 
exposure of uranium to fast neutrons 
leads to the formation of the beta- 
active isotope U 237 , having a half life 
of 6.8 days, as a result of the (n, 2 n) 
reaction 

92 U 238 + on 1 -► 92U 237 + 2 0 nh 

The beta-decay product of the ura¬ 
nium-237 should be neptunium-237, 
but because of the weak activity of 
the latter it was not detected for some 
time; however, it is now known to 
be an alpha emitter with a half life of 
2.2 X 10 6 years. It is of interest to 

Np 231 
Np 234 
Np 235 
Np 236 
Np MU 


Atomic Energy Chap. XVI 

mention that "traces of neptunium-237 
found in uranium minerals probably 
originate in a similar manner from 
the (n,2n) reaction of neutrons liber¬ 
ated in the spontaneous fission of 
uranium-238. Neptunium-237 is by far 
the longest-lived of the known isotopes 
of this element, and it is the nuclide 
after which the neptunium (4 n + 1 ) 
series of radioelements (§ 5.62) was 
named. 

16.10. Because of its relatively long 
life, the rate of emission of alpha par¬ 
ticles from neptunium-237 is low, and 
their penetrating power is small. By 
taking reasonable care, work with ap¬ 
preciable amounts of this isotope can 
be performed without the necessity for 
the special precautions required by 
more active elements (§19.69). In 
addition to this circumstance, it hap¬ 
pens that neptunium-237 is formed to 
a small extent, due to the U 238 (n,2n) 
U 237 reaction, followed by decay of the 
U 237 , in nuclear chain reactors. Appre¬ 
ciable quantities of Np 237 have thus 
1 been obtained by extraction from 
spent reactor fuel. With this material 
a very thorough study has been made 
of the chemistry of neptunium, and 
many of its compounds have been 
prepared in the pure state (§16.17). 

16.11. Besides the three neptunium 
isotopes mentioned above, eight others, 
with mass numbers ranging from 231 
through 241, have been identified. 
These are obtained mainly by bom¬ 
barding either one or other of the 
isotopes of uranium by deuterons or 
alpha particles, or by the decay of 
other radioactive species. Some typi¬ 
cal reactions are the following: 


U 233 (d,4n); U 235 (d, 6 n); U 238 (d,9n) 

Pa 231 (a,n); U 235 (d,3n); U 236 (a,p4n) 
U 236 (a,p3n); U 236 (d,2n) 

U 236 (d,n); U 236 (a,p2n); U 238 (d,4n); Np m (d,t) 
U 288 (d,n); U*“(a,p2n) 
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Several of the neutron-deficient iso¬ 
topes of low mass number decay by 
orbital-electron capture, whereas those 
of high mass number emit negative 
beta particles; neptunium-231 and 
-237 are alpha-particle emitters. 

Tracer and Ultramicrochemical 
Methods 

16.12. The earliest experiments on 
neptunium, and on the other trans¬ 
uranium elements, were made by what 
is called the tracer technique , in which 
an inactive carrier* is used to follow 
the behavior of a radioactive element 
present in unweighable and invisible, 
often referred to as tracer, amounts. 
Provided the material has a reason¬ 
ably strong activity, it is possible to 
trace quantities as small as 10 -10 
gram or less (§17.35). At the ex¬ 
tremely low concentrations of the 
radioactive compounds in the solu¬ 
tions, there is rarely precipitation of 
the substances themselves, although 
they may be carried down, either ad¬ 
sorbed or as a solid solution, by an 
insoluble compound of the carrier ele¬ 
ment. From the extent to which this 
occurs, it is possible to obtain a com¬ 
parative indication of the insolubility 
of the corresponding compound of the 
radioelement. 

16.13. For example, if an appre¬ 
ciable quantity of thorium is added 
as carrier to a solution containing a 
tracer amount of neptunium, in the 
reduced state, in aqueous hydrofluoric 
acid, it will be found that the thorium 
fluoride (ThF 4 ) precipitated contains 
essentially the whole of the neptunium 
activity. From this result it can be 
inferred that neptunium forms an in¬ 
soluble fluoride, presumably NpF*. 
According to G, T. Seaborg: “A great 


deal can be learned by this [tracer] 
method of investigation, which is the 
only possible method when submicro- 
gramf amounts are available. How¬ 
ever,” he points out, “care must be 
taken in interpreting the data, and in 
many cases completely positive deduc¬ 
tions cannot be made.” Where pos¬ 
sible, therefore, it is desirable to con¬ 
firm the conclusions reached with the 
tracer technique, which employs ex¬ 
tremely dilute solutions, often less 
than 10 -10 molar, by making obser¬ 
vations with somewhat larger amounts 
at such concentrations that pure pre¬ 
cipitates can be formed and carriers 
are not required. 

16.14. Because the quantities of the 
transuranium elements usually avail¬ 
able are very small, generally of the 
order of a few millionths of a gram, it 
is necessary to work on a scale very 
much below even that of microchem- 
istry. The technique of qualitative 
chemical analysis on such a minute 
scale has been pioneered by A. A. 
Benedetti-Pichler, and also by P. L. 
Kirk, in the United States; the latter, 
who proposed the name ultramicro- 
chemistry for this field of study, made 
important contributions to its adapta¬ 
tion to quantitative measurements. 
By using extremely small volumes, of 
the order of 10 -5 to 0.1 cc., and weigh¬ 
ing microgram amounts, it is possible 
to obtain solutions containing from 
0.01 to 100 grams per liter. Such con¬ 
centrations are those of ordinary 
chemistry, and are far greater than 
are involved in tracer work; conse¬ 
quently, the common chemical reac¬ 
tions can be performed without the 
use of carriers. 

16.15. “The extremely small vol¬ 
umes [used in ultramicrochemical 


*In general, a carrier may be an isotope of the element carried, or it may be an entirely 
different element^ as in the present chapter, having a somewhat.similar chemistry (96 5.29, 
13.70). 

t A microgram is onn millionth part of a gram. 
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studies]/’ says Seaborg, “are handled 
with the help of specially constructed, 
small capillary containers, pipettes, 
burettes, micromanipulators, etc. 
Liquid volumes [from 10~ 5 to 10 _1 
cc.] ... are measured ... by means 
of finely calibrated tubing, the move¬ 
ment of liquid within the capillary 
being governed by air pressure under 
sensitive control. . . . The Test tubes’ 
and ‘beakers’ for this work are con¬ 
structed from capillary tubing which 
has an inside diameter of 0.1-1 mm. 
The weights of solids which are 
handled in reagents and precipitates 
are usually in the range of 0.1-100 
microgram. . . . This work is usually 
done upon a mechanical stage of a 
microscope, with the entire apparatus 
within the field of view [Fig. 16.1]. 



Fig. 16.1. Ultramicrochemical reaction 
performed under the microscope. 


The test tubes, pipettes, etc., are 
handled by means of mechanical aids 
. . . [and] the separation of solids 
from liquids is usually done by means 
of centrifugation rather than by filtra¬ 
tion.” 

16.16. The weighing of quantities 
of the order of millionths of a gram is 


often performed with some form of 
ultramicrobalance which makes use of 
the bending or torsion of a fine quartz 
fiber. These balances are calibrated by 
means of known small weights. In the 
quartz-fiber torsion balance used in 
much of the ultramicrochemical work, 
it is possible to weigh amounts as 
small as 1 microgram, or less, with an 
accuracy of 0.02 microgram. The beam 
and other parts of this balance are 
constructed of fibers of quartz “rang¬ 
ing in diameter from about four times 
that of a human hair down to fibers 
which are invisible to the unaided 
eye.” The addition to a small platinum 
pan of the substance to be weighed 
causes a horizontal quartz fiber carry¬ 
ing the beam of the balance to be 
twisted; the weight is then estimated 
from the amount of torsion that must 
be applied to return the beam to its 
original position. In work of this kind 
the very greatest precautions must be 
taken to avoid sources of error which 
are quite negligible under normal 
conditions. 

Chemistry of Neptunium 

16.17. The first compound of nep¬ 
tunium free from carrier* was pre¬ 
pared by L. B. Magnusson and T. J. 
LaChapelle in the United States in 
1944, working on the ultramicro¬ 
chemical scale. The material secured 
by the bombardment of uranium by 
fast neutrons, and which contained 
the neptunium-237 in addition to un¬ 
changed uranium, some plutonium and 
fission products, was dissolved in 
nitric acid. Because of its low activity, 
neptunium-237 is difficult to trace; 
consequently, a small quantity of the 
2.3-day Np 2ao isotope was added to 
the solution to permit the chemistry of 
the neptunium to be followed. 


* The first transuranium compound to be prepared free from carrier was a compound of 
the element plutonium (fi 16.30), which wai discovered after neptunium. 
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16.18. The nitric acid solution was 
then reduced, by sulfur dioxide, for 
example, and fluorides precipitated by 
hydrofluoric acid with a small amount 
of lanthanum as carrier. The precipi¬ 
tate included the neptunium and plu¬ 
tonium, together with rare-earth ele¬ 
ments, but most of the uranium re¬ 
mained in solution as uranyl nitrate. 
The fluorides were then dissolved in 
sulfuric acid and oxidized by means 
of bromate at room temperature. The 
neptunium was thus converted to the 
(VI) state, and upon the addition of 
hydrofluoric acid, the lanthanum and 
plutonium were precipitated, leaving 
the neptunium in solution. The (VI) 
oxidation state of the latter was then 
reduced to the (IV) state by sulfur 
dioxide, and its hydroxide (or hydrous 
oxide) precipitated by ammonia. Upon 
removing the precipitate and heating 
it in air to red heat, 10 micrograms of 
product, which proved to be neptu¬ 
nium (IV) dioxide, Np0 2 , were ob¬ 
tained. 

16.19. The hydroxide can be dis¬ 
solved in sulfuric acid and then oxi¬ 
dized to the neptunium (VI) state by 
means of bromate. Upon addition of 
concentrated sodium nitrate and ace¬ 
tate solutions, sodium neptunyl ace¬ 
tate, NaNp 02 (C 2 H 3 0 2 ) 3 J isomorphous 
with the well-known sodium uranyl 
acetate, was precipitated. The nature 
of the compound was proved by means 
of its X-ray diffraction pattern 
(§ 2.93) obtained with only 15 micro¬ 
grams of material. 

16.20. Besides the substances men- 
rtioned above, other compounds of nep¬ 
tunium, notably the fluorides, have 
been prepared, mostly on the micro¬ 
gram scale. If the dioxide is heated in 
a mixture of hydrogen and hydrogen 
fluoride at 500°C, the trifluoride, 
NpFn f is formtfd; thus, 

NpOa+ J^II a + 3IIF—►NpFj 1 + 2IIiiO. 


Upon heating the trifluoride in a cur¬ 
rent of oxygen and hydrogen fluoride, 
also at 500°C, the product is the tetra- 
fluoride, according to the equation 

NpF 3 + UO 2 T - HF —>NpF 4 b£H 2 0. 

The same compound also results from 
the reaction of mixed oxygen and hy¬ 
drogen fluoride directly on heated nep¬ 
tunium dioxide. If the trifluoride is 
heated in fluorine, the hexafluoride, 
NpF 6 , with properties similar to ura¬ 
nium hexafluoride, is formed. The 
three compounds NpF 3 , NpF 4 and 
NpF e represent neptunium in the III, 
IV and VI oxidation -states, respec¬ 
tively. 

16.21. By heating the dioxide.in car¬ 
bon tetrachloride vapor, the reaction 

Np0 2 + 2CC1 4 -> NpCU + 2 COCI 2 

takes place, leading to the production 
of neptunium tetrachloride; this is 
exactly analogous to the method em¬ 
ployed in the preparation of uranium 
tetrachloride. Further, as with ura¬ 
nium, neptunium tetrachloride, is re¬ 
duced to the trichloride by means of 
hydrogen at 450°C. 

16.22. Two bromides and an iodide 
of neptunium have also been made by 
a method which is similar to one which 
has proved successful with uranium. 
A mixture of neptunium dioxide and 
excess aluminum was exposed to the 
action of bromine vapor, and the un¬ 
reacted aluminum bromide was re¬ 
moved by sublimation at 250 °C. 
Upon heating the residue to 800°C, 
neptunium tribromide volatilized and 
deposited on the cooler portions of the 
tube. If, in a similar experiment, ex¬ 
cess of aluminum was avoided, the 
tetrabromide was obtained by subli¬ 
mation at 500°C. Neptunium triiodide 
was prepared in an analogous manner 
from the dioxide, aluminum and iodine 
vapor; the iodide volatilized at 800°C. 
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The identity of all the halides was 
established by X-ray diffraction stud¬ 
ies which showed them to have the 
same crystal structure as the cor¬ 
responding uranium compounds. 

16.23. Neptunium trifluoride was 
reduced to the elemental state by 
heating at 1200°C in the presence of 
barium vapor; the tetrafluoride could 
probably have been used but in the 
experiments being described the high 
temperatures caused this compound to 
soak into the beryllium oxide crucible. 
Neptunium is a silvery metal, not par¬ 
ticularly affected by air. Its measured 
density is about 19.5 grams per cc. 
at normal temperatures, but changes 
occur on heating with the formation of 
two other modifications having lower 
densities. The melting point of metal¬ 
lic neptunium is 640°C. From studies 
of neptunium solutions, the existence 
of the (III), (IV) and (VI) oxidation 
states has been confirmed; the (IV) 
state is evidently the most stable, but 
it can be reduced to the (III) state by 
electrolytic reduction, and, as already 
seen, it is oxidized to the (VI) state 
by an acid solution of bromate in the 
cold. By the use of ferric ions or 
dilute nitric acid, neptunium (IV) 
solutions can be oxidized to the inter¬ 
mediate (V) state, which is more 
stable than the corresponding state of 
uranium. 

Discovery and Separation 
of Plutonium 

16.24. When the beta-active iso¬ 
topes of neptunium decay, the daugh¬ 
ter elements should have the atomic 
number 94. McMillan and Abelson, in 
their study of neptunium-239 (§ 16.5), 
were unable to detect any new activity 
when this nuclide decayed, and they 
concluded that the product, 94 230 , was 
an alpha emitter of long life; this pre¬ 
diction was subsequently verified, as 


will be seen below. The first isotope of 
element-94 to be definitely identified, 
however, was the one of mass number 
238, for this has a short half life, and 
has, consequently, a relatively higher 
activity. When Seaborg, McMillan, 
Kennedy and Wahl discovered the 2.0- 
day neptunium-238 in the winter of 
1940-41, as mentioned above, they also 
noted that this substance developed an 
alpha activity which could be sepa¬ 
rated chemically from both uranium 
and neptunium. This was ascribed to 
the element of atomic number 94, 
which its discoverers subsequently 
named plutonium, symbol Pu, after 
Pluto, the planet beyond Neptune. 
Hence, plutonium-238, an alpha emit¬ 
ter of about 90-years half life, is 
formed in the beta decay of neptu- 
nium-238; thus, 

osNp 288 94 Pu 238 + _ie°. 

16.25. Preliminary experiments us¬ 
ing the tracer technique showed that 
plutonium, like neptunium, is precipi¬ 
tated as fluoride or iodate with a 
rare-earth element or thorium as car¬ 
rier. Unlike neptunium however, it is 
not generally oxidized by an acid bro¬ 
mate solution, and this property can 
be utilized to separate plutonium and 
neptunium, as indicated in § 16.18. 
After bromate oxidation, the pluto¬ 
nium can still be precipitated as fluor¬ 
ide, with a rare-earth carrier, but the 
neptunium cannot, since it has been 
oxidized to the (VI) state. It was 
found, however, that by the use of a 
very strong oxidizing agent, such as 
persulfate with a silver ion catalyst, 
plutonium can be oxidized to a state, 
presumably (VI), which does not pre¬ 
cipitate as fluoride or iodate. 

16.26. The important fissionable 
Pu 239 isotope of plutonium, which 
McMillan and Abelson had sought as 
the decay product of neptunium-239, 
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was characterized in March 1941 by 
,T. W. Kennedy, G. T. Seaborg, E. 
Segre and A. C. Wahl, who worked 
with larger amounts of the latter spe¬ 
cies. The formation of plutonium-239 
may be represented by 

93 Np 239 -> 94 Pu 239 + _ie°, 

and in accordance with expectation, it 
turned out to be an alpha emitter with 
a half life of 24,400 years. Since the 
239-isotope of element-94 was found 
to undergo fission by slow neutrons, 
the study of plutonium-239 assumed a i 
special interest, as described in § 14.26. 
Incidentally, because of this interest, 
tests have been made for the presence 
of plutonium-239 in nature. It seemed 
possible that it might be found asso¬ 
ciated with uranium minerals, result¬ 
ing from the interaction of uranium- 
238 with neutrons, produced in spon¬ 
taneous fission or by the (os,n) reac¬ 
tion of alpha particles from uranium 
with various light elements. The re¬ 
sults obtained indicate that the min¬ 
erals pitchblende and carnotite do, in 
fact, contain minute traces of pluto- 
nium-239. 

16.27. Brief mention may be made, 
in passing, of some fourteen other iso¬ 
topes of plutonium which have been 
reported. Their mass numbers range 
from 232 through 246. The lower iso¬ 
topes can be obtained by the interac¬ 
tion of alpha particles with uranium 
isotopes, accompanied by the emission 
of one or more neutrons. A few ex¬ 
amples of such reactions are as fol¬ 
lows : 

p u 23> U 23B (a,7n) 

Pu 234 U 233 (ce,3n) 

Pu 237 U 23B (a,2n); U 238 («,5n) 

Pu 240 U 288 (a,2n) 

Pu 241 U 288 (a,n) 

Several isotopes of plutonium arc also 
formed by the beta decay of neptu¬ 


nium isotopes, with mass numbers 
236, 238, 239, or 241. In addition, a 
useful method for the production of 
plutonium isotopes with mass numbers 
exceeding 239 is to expose plutonium- 
239 to neutrons in a nuclear reactor. 
As the result of a series of (n,y) re¬ 
actions, products up to (and includ¬ 
ing) plutonium-246 have been ob¬ 
tained. All the even-numbered iso¬ 
topes, with the exception of mass 
number 246, as well as the familiar 
239-isotope, are alpha emitters. As is 
the case with neptunium, the neutron- 
deficient plutonium isotopes of low 
mass number, some of which are also 
alpha emitters, exhibit orbital-elec-r 
tron capture. The beta-emitters are 
those of mass number 241, 243, 245 
and 246. 

16.28. When the decision was* made 
to attempt the production of pluto¬ 
nium on a large scale by means of a 
nuclear reactor, it became necessary to 
work out a process which would per¬ 
mit the separation of plutonium from 
unchanged uranium and also from the 
numerous fission products. The first 
experiments on the chemistry off plu¬ 
tonium were made . with the 238- 
isotope, obtained by the decay of 
neptunium-238 produced by bombard-r 
ing uranium with deuterons from the 
Berkeley cyclotron. With this mate¬ 
rial, G. T. Seaborg, J. W. Kennedy 
and A. C. Wahl, using the tracer tech¬ 
nique, were able during 1941 to deter¬ 
mine many of the chemical properties 
of plutonium, and to evolve several 
possible processes for the separation 
of plutonium from the spent fue) 
material. 

16.29. Four methods of separation, 
depending on volatility, adsorption, 
solvent extraction and precipitation, 
respectively* were considered, and a 
process making use of precipitation 

I reactions was chosen as the basis of 
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the large-scale separation. It was felt, 
for various reasons, that, although not 
necessarily the best procedure, it was 
the most likely to be successful when 
transferred from the laboratory to the 
production plant. The preliminary 
work on the separation process was 
performed with invisible tracer quan¬ 
tities of plutonium, but there was no 
certainty that the method would oper¬ 
ate in practice with large amounts of 
material. As pointed out earlier, the 
concentrations in tracer work are so 
low that the results obtained might 
not apply to ordinary concentrations 
such as would be used on the produc¬ 
tion scale. Further, it was realized 
that the final isolation of the pluto¬ 
nium would require separation from 
carrier materials. 

16.30. Hence it became necessary to 
obtain visible quantities of plutonium 
which could be used to study its chem¬ 
istry by the ultramicrochemical tech¬ 
nique described in § 16.14. A quantity 
of uranyl nitrate was consequently 
irradiated by neutrons, produced by 
bombardment of beryllium by means 
of cyclotron-accelerated deuterons, 
first at Berkeley and later at Wash¬ 
ington University in St. Louis, and 
from it a few hundred micrograms of 
plutonium-239 were extracted by the 
end of 1942. With this material, infor¬ 
mation concerning the chemistry of 
the element, deduced from tracer-scale 
experiments, was confirmed. In addi¬ 
tion, small quantities of pure pluto¬ 
nium compounds were prepared and 
analyzed. 

16.31. In reporting on the work, 
G. T. Seaborg said: “The first pure 
chemical compound of plutonium, free 
from carrier material, and all other 
foreign matter, was prepared by B. B. 
Cunningham and L. B. Werner . . . 
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in Chicago on August 18, 1942, and 
the first weighing of such a compound 
occurred on September 10, 1942.* 
There was available ... for the ac¬ 
complishment of this feat only a 
couple of micrograms of plutonium 
produced by the bombardment of 
uranium by neutrons. . . . These 
memorable days will go down in sci¬ 
entific history to mark the first sight 
of a synthetic element, and the first 
isolation of a weighable amount [Fig. 
16.2] of an artificially produced iso¬ 



Fig. 16.2. Magnified picture of the first 
plutonium compound ever isolated, weigh¬ 
ing 2.77 micrograms; it appeared as a 
golden incrustation on the small platinum 
shovel held by the forceps. 

tope of any element.” Subsequently, a 
number of pure plutonium compounds 
were prepared and their formulas de¬ 
termined by ultramicrochemical 
analysis. 

16.32. With the microgram quanti¬ 
ties of plutonium which were avail- 

of the fluoride, probably PuF<, and 


* The first solid compound obtained was a precipitate 
the first to be weighed was the oxide, PuOa. 
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able, the methods of separating plu¬ 
tonium from uranium and its fission 
products, which had been developed 
from tracer experiments, were tested 
at the actual concentrations antici¬ 
pated in large-scale operation. The 
process finally adopted was partly 
based on the stability of the (IV) 
oxidation state of plutonium, as com¬ 
pared with that of the (VI) state for 
uranium. With plutonium, a powerful 
oxidizing agent is required to convert 
the (IV) state into the (VI) state, 
while a relatively weak reducing agent 
will reverse the process. With ura¬ 
nium, on the other hand, the opposite 
is the case; the (IV) state is very 
easily oxidized, but the resulting (VI) 
state is reduced with difficulty. The 
method of separation “involves a pre¬ 
cipitation of plutonium (IV) with a 
certain compound as a carrier, then 
dissolution of the precipitate, oxida¬ 
tion of the plutonium to the (VI) 
state, and reprecipitation of the carrier 
compound while the plutonium (VI) 
remains in solution. Fission products 
which are not carried by these com¬ 
pounds remain in solution when plu¬ 
tonium (IV) is precipitated. The fis¬ 
sion products which carry are removed 
from the plutonium when it is in the 
(VI) state. Successive oxidation- 
reduction cycles are carried out until 
the desired decontamination [that is, 
elimination of the fission products] is 
achieved.” * 

16.33. The foregoing description of 
the separation procedure, as Seaborg 
has pointed out, “represents a gross 
oversimplification of the actual proc¬ 
ess [as performed on the large scale 
at Hanford (§ 14.75)]. There are car¬ 
ried out in all some thirty maj or 


chemical reactions involving hundreds 
of operations before the plutonium 
emerges from the process. The plants 
themselves defy description with their 
massive structures and their intricate 
maze of equipment, piping, and re¬ 
motely operated controls. The prelim¬ 
inary design of these plants was under 
way at a time when the world supply 
of plutonium was invisible to the 
naked eye. This remarkable program 
of investigation [carried out in the 
United States in connection with the 
wartime atomic bomb project] with 
microscopic and submicroscopic quan¬ 
tities marks . . . one of the . . . 
amazing achievements of . . . chem¬ 
istry.” In spite of its complexity, the 
precipitation process, in which bismuth 
phosphate was the carrier for pluto¬ 
nium in the early purification, stages 
and lanthanum fluoride in the later 
ones, was operated successfully for 
several years. It has now been re¬ 
placed by the solvent extraction pro¬ 
cedure described in § 15.110. 

Chemistry of Plutonium 

16.34. Experimental investigations 
with plutonium are somewhat hazard¬ 
ous because of the relatively high al¬ 
pha activity, which makes it prefer¬ 
able to work with very small amounts 
even though larger quantities may be 
available. In addition, great care must 
be taken to prevent entry of pluto¬ 
nium into the body; it tends to con¬ 
centrate in the bones, where the 
continuous emission of alpha par¬ 
ticles can have serious consequences 
(§ 19.19). Because of the importance 
of plutonium as a fissionable material, 
with great possibilities for use in 
peace or war, more is known of this 


* Quoted from H. D. Smyth, Atomic Energy for Military Purpose^ 1945. It is now known 
that the plutonium (IV) was first precipitated as the phosphate, with bismuth phosphate 
as the carrier. The uranium (VI) remained in solution. In the final cycle the plutonium 
was precipitated as the fluoride with lanthanum fluoride as the carrier. 
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artificially produced element and its 
compounds than of most other ele¬ 
ments, in spite of the fact that the 
existence of four oxidation states, 
namely, (III), (IV), (V) and (VI), 
makes the situation very complicated. 
Like neptunium, plutonium resembles 
uranium in many of its chemical prop¬ 
erties; the main difference, as men¬ 
tioned above, lies in the stability of 
the (IV) state in plutonium, whereas 
with uranium it is the (VI) state 
which is the most stable. 

16.35. The chemistry of plutonium 
is, in many respects, very similar to 
that of neptunium described above. 
The most stable oxide is FuC^but 
if it is heated to about 1500°C in a 
vacuum, it forms the lower oxide 
PU 2 O 3 . By the oxidation of plutonium, 
a compound of approximate composi¬ 
tion PuO may be formed. In addition, 
there is a mixed oxidation state, vary¬ 
ing in composition from Pu^Oa to 
roughly P 114 O 7 . Uranium exhibits simi¬ 
lar properties, the mixed oxides rang¬ 
ing from UG at one extreme to UO 3 
at the other. The halides PuF 3 , PuBr 3 
and Pul 3 may be prepared by the 
methods described for the correspond¬ 
ing neptunium compounds. The tetra- 
fluoride PuF 4 is stable, although it can 
be reduced to the trifluoride, but the 
tetrachloride and tetrabromide have 
not been obtained, at least not in the 
solid state. Plutonium hexafluoride is 
unstable, whereas that of uranium is 
quite stable. Reduction of the fluor¬ 
ides with barium vapor yields pluto¬ 
nium metal. The density at ordinary 
temperatures is 19.7 grams per cc., but 
upon heating this undergoes a number 
of changes corresponding to the forma¬ 
tion of a total of six different solid 
modifications (§ 15.108). The melting 
point of the metal is 640°C. 

16.36. Plutonium (III) can be pre¬ 
cipitated from solution as the hydrox- 
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ide, Pu(OH)s, and the fluoride, PuF 3 , 
thus behaving in a manner analogous 
to the rare-earth elements. Aqueous 
solutions of the positive plutonium 
(III) ion are oxidized in air to the 
plutonium (IV) state, although not as 
rapidly as are solutions of uranium 

(III) . As already stated, the (IV) oxi¬ 
dation state of plutonium is the most 
stable, and many compounds in this 
category are known. The fluoride, 
P 11 F 4 , the iodate, Pu(I0 3 ) 4 , and the 
hydroxide, Fu(OHU are insoluble, 
like those of thorium, and can be 
precipitated from aqueous solution, 
the chloride, nitrate, perchlorate and 
sulfate, however, are soluble in water. 
Numerous complexes, both inorganic 
and organic, of the plutonium (IV) 
state have been prepared; a soluble 
oxalate complex, for example, makes 
it possible to dissolve PuF 4 and other 
insoluble Pu(IV) compounds in water. 
On the other hand, several of the 
“chelate” complexes, formed with 
diketones and related compounds, are 
soluble in organic liquids. Plutonium 

(IV) solutions can be reduced to the 
plutonium (III) state by means of 
warm sulfur dioxide, by hydroxy la- 
mine, by iodide ion, or by zinc amal¬ 
gam. The reactions can be reversed 
with relatively mild oxidizing agents. 

16.37. The conversion of plutonium 
(IV) to the (VI) state requires the 
use of fairly strong oxidizing agents, 
such as acid solutions of permanganate 
or dichromate, ceric ions or persulfate 
in the presence of silver ions. This is 
in contrast with uranium, for which 
oxidation from (IV) to (VI) state in 
solution takes place in air. Solid plu- 
tonyl (VI) compounds, such as 
plutonyl nitrate, containing the ion 
PuGa 4 "^ analogous to uranyl com¬ 
pounds, are known, and there is an 
insoluble sodium plutonyl acetate, 
NaPuOa(C B H a O a )n, similar to the 
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familiar compound of uranium. Some 
organic chelated complexes of the 
plutonyl ion have been prepared. 

16.38. Evidence for the existence of 
plutonium in the (V) state has mainly 
been obtained from studies of solu¬ 
tions, for only one solid compound of 
this type has been reported. It appears, 
from measurements of the absorption 
spectrum, that a solution of Pu (VI) in 
dilute hydrochloric acid can be par¬ 
tially reduced electrolytically to the 
Pu (V) state. This is probably present 
as the Pu0 2 + ion, similar to the U0 2 + 
ion of uranium. However, the (V) 
oxidation states of uranium and plu¬ 
tonium are relatively unstable, as 
compared with that of neptunium. 
Because of the different colors or, in 
general, of the absorption spectra, of 
the various oxidation states, it has 
been found possible to work out a 
method of analyzing plutonium solu¬ 
tions by studying the absorption of 
light of different wave lengths. 

16.39. The first pure plutonium 
compound (PuF 4 ) free from carrier, 
referred to in the preceding section, 
was obtained by making use of the 
increasing difficulty of attaining the 
(VI) oxidation state in passing from 
uranium through neptunium to pluto¬ 
nium. Most of the unchanged uranyl 
nitrate, after the neutron bombard¬ 
ment, w T as extracted with ether, and 
the remainder was retained in solu¬ 
tion while Pu(IV) and Np(IV), ob¬ 
tained upon reduction, were precipi¬ 
tated as fluorides with lanthanum and 
cerium as carriers. The fluorides were 
then converted into the soluble sul¬ 
fates by evaporation with concen¬ 
trated sulfuric acid. The addition of 
bromate to the solution resulted in 
oxidation of neptunium to the Np(VI) 
state,, while the plutonium was un¬ 
affected; hcncc, the latter, free from 
neptunium, could again be precipi¬ 


tated as fluoride with the rare-earth 
carrier. After redissolving the fluor¬ 
ides with sulfuric acid, precipitating 
the hydroxides with ammonia and dis¬ 
solving them in nitric acid, persulfate 
and silver nitrate were added to oxi¬ 
dize the plutonium to the (VI) state. 
Upon addition of hydrofluoric acid, 
the rare-earth carrier was precipi¬ 
tated, but the plutonium remained in 
solution. This was evaporated with 
sulfuric acid, and diluted; when hydro¬ 
fluoric acid was added a precipitate of 
plutonium fluoride, free from carrier, 
was obtained. 

Discovery and Properties 
of Americium 

* s 

16.40. Although the element of 
atomic number 95, which its discover¬ 
ers, G. T. Seaborg, R. A. James and 
L. 0. Morgan, named americium ., sym¬ 
bol Am, by analogy with its rare-earth 
homologue europium, is the third 
transuranic element, it was actually 
the fourth to be identified, late in 
1944. When uranium-238 was bom¬ 
barded with 40-Mev alpha particles 
from a cyclotron, the reaction 

92 U 238 + 2 He 4 -> 94 Pu 241 + o^ 1 

was expected to take place, and it was 
anticipated that the product, pluto- 
nium-241, would be a beta emitter, 
because of its high neutron-to-proton 
ratio. Upon separating the fraction 
which should have contained the plu¬ 
tonium, no activity was detected, ap¬ 
parently because of the very low 
energy of the beta particles emitted by 
the plutonium-241. But in due course 
an alpha activity developed, and this 
was presumably due to the new ele¬ 
ment americium, atomic number 95, 
formed by the decay of the Pu 241 ; 
thus, 

yr. 


mPu 841 


tinAm 241 -f- _ic°. 
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The same nuclide results from the 
(<x,2n) reaction with plutonium-239. 
Its half life has been found to be about 
500 years. 

16.41. Carrier experiments with 
americium showed it to have a very 
stable (III) oxidation state in which 
it displays a striking resemblance to 
the rare-earth elements. Consequently, 
separation of americium from the rare- 
earth carriers at first proved difficult, 
although removal of uranium and any 
neptunium and plutonium that might 
be present can be readily achieved by 
oxidation of these elements. Two 
methods of purifying americium have 
been developed. Although americium 
fluoride, like the rare-earth fluorides, 
is sparingly soluble, the former is 
somewhat more soluble. It is possible, 
therefore, by fractional precipitation 
of the fluorides, with careful control of 
the fluoride ion concentration, to effect 
a separation. Preferably, americium 
may be separated from the rare earths 
by making use of the ion-exchange 
procedure described in § 13.81. The 
various ions, present in dilute acid 
solution in the (III) state, are ab¬ 
sorbed by a suitable resin. This is then 
eluted, i.e., extracted, with concen¬ 
trated hydrochloric acid, when the 
americium (and other transuranic ele¬ 
ments) are removed well ahead of the 
rare earths. Separation from each other 
of the elements of high atomic number, 
e.g., neptunium, plutonium, ameri¬ 
cium, etc., in the (III) state, is best 
done by the ion-exchange method, 
using a slightly acid solution of am¬ 
monium citrate as the eluting agent. 
The procedure is similar to that em¬ 
ployed for the separation of the rare 
earth elements. The elements absorbed 
on the resin are extracted in order of 
decreasing atomic number. 

16.42. Some pure compounds of 
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americium, such as AmF 3 and Am 2 03 , 
free from carrier, were prepared dur¬ 
ing the winter of 1945-46 by B. B. 
Cunningham, and studied on the 
ultramicrochemical scale. Since that 
time, a number of other solid com¬ 
pounds have been prepared, including 
AmCl 3 , AmBr 3 , Aml a and Am0 2 . The 
latter shows that americium can exist 
in the (IV) state, at least in a solid 
compound. Because of the high alpha 
activity, due to the relatively short 
life of the Am 241 isotope, special pre¬ 
cautions must be taken when working 
with americium compounds, even 
though the amounts used are very 
small, 

16.43. The (III) oxidation state of 
americium is undoubtedly the most 
stable, but there is evidence for the 
existence of both higher and lower 
states. When a solution of americium 
(III) hydroxide in concentrated po¬ 
tassium carbonate solution is oxidized 
by heating with sodium hypochlorite, 
a dark-colored precipitate is formed 
which is apparently an oxide of amer¬ 
icium (V). By means of a very strong 
oxidizing agent, such as ammonium 
persulfate, americium (III) can be 
oxidized to the (VI) state. A com¬ 
pound, analogous to those formed by 
plutonium, etc,, referred to in § 16.37, 
can then be precipitated by addition of 
sodium acetate. The (TV) state of 
americium is so unstable in solution 
that its presence has not been ob¬ 
served, although solid Am0 2 exists, as 
noted above. It may appear surprising 
, that a state of lower oxidation num¬ 
ber than the (III) state should be 
suspected, but it has long been known 
that europium, the rare-earth homo- 
logue of americium, exists in a (II) 
oxidation state. The reaction of amer¬ 
icium (III) in aqueous solution with 
sodium amalgam indicates the possi¬ 
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bility that an americium (II) state 
may be formed, and, in fact, the isola¬ 
tion of AmO has been reported. 

16.44. The relative stability of the 
americium (III) state is shown by the 
fact that the methods used for the 
preparation of the tetrafluoride and 
tetrachloride of neptunium yield only 
the corresponding trihalides of amer¬ 
icium. Thus, heating the hydroxide in 
a current of oxygen and hydrogen 
fluoride gives americium trifluoride, 
while the trichloride results from re¬ 
action of the dioxide with carbon 
tetrachloride. The tribromide and tri¬ 
iodide of americium are made, like 
those of neptunium and plutonium, 
by heating the oxide together with 
aluminum in the vapor of the appro¬ 
priate halogen. The compounds have 
been identified by their being iso- 
morphous with the corresponding 
halides of uranium. The preparation 
of americium tetrafluoride, but of no 
other tetrahalide, has been reported; 
it is definitely less stable than pluto¬ 
nium tetrafluoride. The action of 
barium vapor on americium trifluoride 
at temperatures over 1000 °C gives 
elemental americium. It is a silvery 
metal with a density of 11.7 grams per 
cc. at ordinary temperatures. The melt¬ 
ing point is somewhat above 840°C. 

16.45. In addition to the Am 241 iso¬ 
tope, with which most of the chemical 
work on americium has been carried 
out, nine other isotopes, with mass 
numbers from 237 to 246, have been 
discovered. As with plutonium, the 
higher isotopes are made by successive 
neutron captures in a nuclear reactor, 
starting with Am 241 . Several of the 
isotopes of lower mass number have 
been obtained by bombardment of 
plutonium-239 with protons or deu- 
terons, or of neptunium-237 by alpha 
particles. 


Discovery and Properties 
of Curium 

16.46. The fourth transuranium ele¬ 
ment, atomic number 96, was identi¬ 
fied by G. T. Seaborg, R. A. James 
and A. Ghiorso in 1944, before the 
discovery of its predecessor ameri¬ 
cium. The new element was called 
curium, symbol Cm, in honor of Marie 
and Pierre Curie who pioneered in the 
study of radioelements; this designa¬ 
tion was proposed so as to correspond 
with that of its rare-earth homologue, 
gadolinium, named after J. Gadolin, 
the Finnish chemist who was one of 
the early workers in the rare-earth 
field. The first isotope of curium to be 
detected was obtained by bombarding 
plutonium-239 with alpha particles in 
the Berkeley cyclotron, the reaction 
being 

94 Pu 239 + 2 He 4 -> sfiCm 242 + on 1 . 

The same nuclide, an alpha emitter 
with a half life of 162.5 days, was 
later found to be formed in the beta 
decay of the 16-hr. isomeric state of 
americium-242; thus, 

9B Am 242 —> 96 Cm 242 + _ie°. 

It was actually from this source that 
curium, in the form of the oxide 
Cm 2 0 3 , was first obtained as a pure 
compound, in September 1947, by 
L. B. Werner and I. Perlman in ultra¬ 
microchemical amounts free from car¬ 
rier. Since that time Cm 242 has become 
available in appreciable quantities 
from Am 242 produced by exposure of 
Am 241 to neutrons in a reactor. 

16.47. As is to be expected, the (III) 
oxidation state of curium is extremely 
stable, and so far no evidence has been 
obtained that higher or lower states 
exist. Separation from the rare-earth 
elements of ourium. together with any 
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am eric him that may Vie present, is 
achieved by the methods described in 
§16.41. Since the (III) states are 
stable for both americium and curium, 
the separation of these elements is not 
easy. The problem is, both in fact and 
in theory, analogous to that of sepa¬ 
rating neighboring rare-earth ele¬ 
ments, A successful method has been 
devised, based on a partial precipita¬ 
tion of americium in its higher oxida¬ 
tion state by means of hypochlorite in 
potassium carbonate solution, as men¬ 
tioned above, followed by absorption 
and elution with citrate from a column 
of ion-exchange resin. 

16.48. One of the exceptionally in¬ 
teresting facts about curium, from the 
theoretical point of view' (§ 16.69), is 
that its solutions arc colorless, al¬ 
though it exhibits strong absorption of 
ultraviolet radiation, dbis behavior, 
which was expected from a considera¬ 
tion of the probable arrangement of 
the orbital electrons of curium, is ex¬ 
actly analogous to that of the homo¬ 
logous rare-earth element gadolinium , 
and calls attention to a striking sim¬ 
ilarity between these two elements. 

16.49. The study of the absorption 
spectrum of curium, and, in fact, all 
experimental investigations with cu¬ 
rium, are rendered difficult by the 
short life of the curium-242, and the 
consequent intense alpha activity 
which accompanies this radionuclide. 
The alpha particles are also the source 
of another difficulty; they cause de¬ 
composition, with the evolution of gas, 
and heating of the water in which the 
curium compound is dissolved. Be¬ 
cause of the health hazard, work with 
curium-242 must be performed in 
closed systems. It may be noted that 
the product of alpha decay is pluto- 
nium-238, the properties of which are 
known well enough to provide a check 
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on the mass assignment of the curium- 
242. 

16.50. Altogether, thirteen isotopes 
of curium, with mass numbers from 
238 through 250, have been reported. 
The lower isotopes, such as Cm 238 and 
Cm 240 , result from the same bombard¬ 
ment process, i.e., plutonium-239 by 
alpha particles, as yields Cm 242 . The 
higher isotopes are obtained either as 
the result of radioactive decay or by 
several stages of neutron capture. For 
the latter procedure, Cm 244 , obtained 
as described below, may be a good 
starting point. 

16.51. For future studies o i the 
chemistry of curium, the isotope 
Cm 244 , with a half life of about 18.4 
years, may prove to be of interest. 
Although it is an alpha emitter, its 
relatively long life means that the ef¬ 
fects of radiation indicated above are 
much less marked than with Cm 242 . 
The curium-244 can be obtained in 
relatively pure form in the following 
manner, based on a series of neution 
captures and radioactive decay stages. 
First, americium-241 is exposed to 
neutrons in a reactor to produce 
Am 242 ; in addition to undergoing beta 
decay, this nuclide also exhibits 
orbital-elect ron capture, leading to the 
formation of Pu 242 The latter is sepa¬ 
rated, e.g, by ion exchange, and ex¬ 
posed to neutrons to yield the beta 
emitted Pu 24 \ of which the decay 
product is Am 243 . This can also be 
separated by ion exchange and trans¬ 
formed into Am 244 by neutron cap¬ 
ture; beta decay of the latter gives the 
required Cm 244 , which can be purified 
by the ion-exchange procedure. 

The Discovery of Berkelium 
and Californium 

16.52. At the end of 1949, S. G. 
| Thompson, A. Ghiorso and G. T. Sea- 
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borg, of the University of California, 
announced that they had produced 
the element of atomic number 97, 
which they called berkelium , symbol 
Bk. The name was given in honor of 
the city of Berkeley, where the dis¬ 
covery of this and of other related 
elements was made, by analogy with 
its rare-earth homologue, terbium, 
which was named for the small town 
of Ytterby, Sweden, where several 
rare-earth minerals have been found. 
The new element was obtained by 
bombarding americium-241 with alpha 
particles accelerated to about 35 Mev 
energy by means of a cyclotron. The 
process occurring was found to be 

gsAm 241 + 2 He 4 -> 97 Bk 243 + 2 0 n 4 , 

so that the mass number of the prod¬ 
uct was 243. The berkelium was sepa¬ 
rated from the target americium, and 
also from curium formed at the same 
time, by the ion-exchange method. 
The indications are that, although 
berkelium exists predominantly in the 

(III) state, there is evidence for a 

(IV) oxidation state. In this respect, 
the element resembles its rare-earth 
homologue terbium. 

16.53. A total of eight isotopes of 
berkelium, with mass numbers from 
243 through 250, have been described. 
Several of these have considerably 
longer half lives than that of berke- 
lium-243, which is only 4.5 hours, so 
that they are useful for further studies 
with the element. Notable among these 
is Bk 247 , an alpha emitter with a half 
life reported to be about 7000 years. 
Most of the heavier isotopes are ob¬ 
tained by a series of neutron cap¬ 
tures, and occasional beta decays, re¬ 


sulting from the prolonged exposure 
of plutonium, americium and curium 
in a nuclear reactor. . 

16.54. In March 1950, the discover¬ 
ers of berkelium, in conjunction with 
K. Street, Jr., reported that element 
number 98, which they named calif or- 
nium , symbol Cf, for the state and 
University of California,* had been 
made by the action of 35-Mev alpha 
particles on curium-242. The reaction 
occurring is of the (a,n) type and the 
product is californium-245, i.e., 
98 Cf 245 , half life 44 min. The new 
element was separated by the ion- 
exchange procedure and identified, al 7 
though the amount obtained in the 
initial work was extremely small, estir 
mated to be about five thousand 
atoms, i.e., 2 X 10 -18 gram, since only 
a few millionths of a gram of cerium- 
242 was used as target material. As 
far as is known at present, californium 
exists only in the typical (III) oxida¬ 
tion state. 

16.55. A total of eleven isotopes of 

californium, in the mass numbef 
range from 244 through 254,i have 
been identified. In addition to the use 
of alpha-particle reactions and succes¬ 
sive neutron capture processes, some 
of the isotopes of californium have 
been obtained by bombardment of 
uranium-238 with so-called heavy ions, 
e.g., carbon and nitrogen (§9.113). 
Examples of such reactions are 
U 238 (C 12 ,6n) Cf 244 , U 238 (C 12 ,4n) Cf 246 

and u 238 (N 14 ,p3n) Cf 248 . Special 

interest attaches to californium-254, 
half life 55 days, since it decays 
almost entirely by spontaneous fis* 
sion, rather than by alpha (or other 
particle) emission. It has been sug- 


* In ihift i twv. there; in no itirent analogy with the name of its rare-earth homologue dyspro¬ 
sium, n\ though it is pointed out "that dysprosium is named on the basis of a Greek word 
meaning 'diftieull !o gel nV I arid 1 Unit the aetiivhcrM for another element [gold] a century 
ego found it, difficult in gel to California.” 
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gested that the fission of this isotope 
is responsible for the tremendous out¬ 
put of energy in certain extra large 
new stars, called type I supernovae 
These are seen to flare up to high 
brilliance (or explode) and then fade, 
the rate of fading corresponding to a 
half life of 55 days. It is believed that 
the californium-254 in these stars is 
formed by a series of neutron captures 
and beta decays, just as can occur m 
a nuclear reactor. 

The Discoveky of 
Einsteinium and Fermium 
16.56. An examination of the resi¬ 
dues collected after the thermonu¬ 
clear test explosion of November 1952 
at Eniwetok Atoll, by scientists at the 
Los Alamos Scientific Laboratory and 
the Argonne National Laboratory, 
revealed the presence of new heavy 
isotopes of plutonium and americium, 
namely Pu' 4 “ and Am 240 . It seemed 
that nuclides with such a high neu¬ 
tron content could arise only from 
successive neutron captures, such as i 
occur much more slowly in a reac¬ 
tor.* This suggested the possibility 
that isotopes of elements beyond 
americium, and even beyond califor¬ 
nium, might be present in the explo¬ 
sion residues. Preliminary ion-ex¬ 
change experiments at the Radiation 
Laboratory, Berkeley, indicated that 
this was indeed the case, and in order 
to facilitate the isolation of the new 
elements several hundred pounds of 
coral were collected from the vicinity 
of the explosion. In this material, the 
new element of atomic number 100 
was identified at Berkeley, by the 
ion-exchange separation technique, al¬ 
though in the first experiments only 
about 200 atoms were obtained. Later, 
element number 99 was observed both 
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at Berkeley and at the Argonne Na¬ 
tional Laboratory. By _ agreement 
among the many workers in the three 
Laboratories involved in the project, 
element 99 was called einsteinium 
(symbol Es) and number 100 was 
given the name jermium (symbol 
Em), in honor of A. Einstein and 
E. Fermi, respectively. These elements 
are precipitated as fluorides with 
lanthanum fluoride as carrier, and ap¬ 
pear in the proper order in the ion- 
exchange elution procedure, these 
facts suggest that they normally oc¬ 
cur in the (III) state. 

16*57. The foregoing work was car¬ 
ried out during 1953, but before it 
was announced in June 1955, several 
isotopes of the two new elements had 
been obtained by other methods. 
Chief among these was the neutron 
capture (and beta decay) procedure 
in a nuclear reactor, which is similar 
to that in the thermonuclear explo¬ 
sion. Starting with plutonium-239, 
long exposure in the Materials Test¬ 
ing Reactor at Arco, Idaho, led to the 
production of Es 2r ' 3 , which was sepa¬ 
rated and identified, by a group at 
Berkeley T using the ion-excliange 
method. An isotope of lower mass 
number w f as reported in November 
1953 as resulting from the bombard¬ 
ment of uranium with nitrogen ions, 
i.e., U 283 (N u ,5rc) Es 247 . Altogether, 

eleven isotopes, with mass numbers 
from 246 to 256 are known. Of these, 
Es 254 , with a half life of 270 days, may 
j be obtainable in weighable amount 
which can be used for further investi¬ 
gations and production of elements of 
even higher atomic number. 

16.58. Seven isotopes of fermium, 
in the mass number range of 250 
j through 256, have been made, mainly 
| by neutron capture and beta decay 
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* Nuclear reactiona among the hydrogen isotopes, as given in 8 14.102, can produce ncu- 
irons in large; numbers. 
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processes. In addition, H. Atterling 
and his collaborators, in Sweden, re¬ 
ported in February 1954 the produc¬ 
tion of the element of atomic number 
100, probably the isotope of mass 
number 250, by bombardment of ura¬ 
nium with oxygen ions; the reaction 
was apparently U 238 (0 lfi , 4 n) Fm 250 . 

Discovery or Mendelevium 

16.59. The discovery in April 1955 
of element number 101, named men¬ 
delevium (symbol Md), in honor of 
D. I. Mendelyeev, by A. Ghiorso, 
B. G. Harvey, G. R. Choppin, S. G. 
Thompson and G. T. Seaborg, at the 
Radiation Laboratory, Berkeley, was 
a remarkable achievement since it was 
based on observation of a single atom. 
An invisible amount of einsteinium- 
253, consisting of a billion atoms, de¬ 
posited on a gold foil, was bombarded 
with 48-Mev alpha particles. The 
product nuclei were collected, by re¬ 
coil, on an adjacent gold foil, so that 
they were relatively free from ein¬ 
steinium. The foil was dissolved and 
the new element isolated by the ion- 
exchange method. 

16.60. It was at first thought that 
this element, with atomic number 101, 
would be an alpha emitter, but owing 
to interference by other nuclides, es¬ 
pecially radon, it proved impossible 
to identify the single atoms in this 
way. The procedure which proved 
satisfactory was based on the fact 
that the new species exhibited orbital- 
electron capture, as a result of which 
the element of atomic number 100, 
i.e., fermkium, was produced. The 
particular isotope formed undergoes 
spontaneous fission and this could 
readily be detected. Because of the 
small amount of einsteinium-253 used 
in the bombardment with alpha par¬ 


ticles, only one, and sometimes two, 
atoms of the new element, at best, 
were separated (by ion exchange) in 
each experiment. Nevertheless, this 
was sufficient to identify it as having 
an atomic number of 101, and a half 
life of about 30 minutes. Later, larger 
quantities were obtained, and the 
decay to the spontaneously fissionable 
isotope of fermium (half life 3 hours) 
was confirmed by chemical separation. 
The mass number assigned to the iso¬ 
tope of mendelevium, as well as to that 
of fermium formed by orbital-electron 
capture, is 256. 

Discovery of Nobelium 

16.61. The preparation of element 
102, announced in July 1957, was the 
result of a joint effort of scientists 
from the United States, Great Britain 
and Sweden. The basic idea, which ap¬ 
parently originated with P. R. Fields 
and A. M. Friedman of the Argonne 
National Laboratory, was to bombard 
curium-244 with high-energy (acceler¬ 
ated) carbon-13 ions in the hopes of 
bringing about one (or both) of the 
reactions 

Cm 244 (C 13 ,4nj 102 253 
or 

Cm 244 (C 13 ,6n) 102 251 , 

leading to the formation of element 
number 102. The reason why the rela¬ 
tively rare carbon-13 was chosen, 
rather than the much more common 
carbon-12, was that the product in 
the former case was expected to have 
an odd mass number, as indicated 
above. It is known from the general 
behavior of the heavy nuclides that 
those with even atomic number are 
more stable against spontaneous fis¬ 
sion if they have an odd mass num¬ 
ber. 4 Isotopes with odd mass numbers 


* Tl should be moled, however, 1,1ml Ihene nuclides undergo fission due to neutron capture 
more rendily limn do I hose with even nmHN numbers (ef. j) 13.68, 4t xrg.). 
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also generally have longer half lives 
for alpha decay than do those with 
even mass numbers. In view of the 
expected instability of the isotopes of 
element 102 against both spontaneous 
fission and alpha decay, the chances 
of detection would be enhanced u th 
nuclide produced had an odd mass 

number. . r ,- 

16 62 Since the necessary 1 acuities 

for performing the bombardment ex¬ 
periments were not available, ie s 
and Friedman interested J. Milstead 
of the British Atomic Energy Research 
Establishment, Harwell, m the proj¬ 
ect. The latter then arranged with 
H. Atterling and his colleagues (see 
8 16.58) to make use of the cyclotron 
at the Nobel Institute of Physics in 
Sweden, since this was the only in¬ 
strument in operation at the time ca¬ 
pable of producing a sufficiently strong 
beam of accelerated carbon-13 ions. 
The sample of curium-244 (as the 
nitrate) was coated as a film on 
aluminum and then bombarded with 
qis( 4+) ions, at energies oi oo to iw 
Ivlev, for periods up to about half an 
hour The recoiling reaction products 
were collected on a thin film of plas¬ 
tic, which was then placed on a plati¬ 
num plate and burnt off. The residue 
was found to emit alpha particles of 
8 5-Mev energy at a rate correspond¬ 
ing to a half life of approximately 10 
minutes; there was no significant 
spontaneous fission activity, Ky dis¬ 
solving the residue in acid and per¬ 
forming the familiar ion-exchange 
separation, the 8.5-Mev alpha activity 
was found in the position expected for 
element number 102. The discoverers 
of this new element have proposed the 
name nobelium, symbol No, in honor 
of Alfred Nobel and of the Institute 
where the experimental work was 
done Tt should he mentioned that the 
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directly from nobelium-251 (or -253), 
half life 10 minutes. It may possibly 
be emitted by a shorter-lived isotope 
of mendelevium, with the same mass 
number, formed by electron-capture 
decay of the nobelium isotope. With 
the techniques available, these two 
alternatives could not be distm- 
guished.* 

Elements of Atomic Number 103 
and Beyond 


16.63. For the production of ele¬ 
ments having atomic numbers of lOa 
or more, two methods may be con¬ 
sidered: one is that of successive neu¬ 
tron captures and beta decays, y 
which einsteinium and fermium were 
obtained, and the other is to make use 
of bombardment by positive ions. 1 he 
method of neutron captures does not 
appear to be very promising, because 
the half lives of some of the inter¬ 
mediate stages will be so short that 
they cannot accumulate to a sufficient 
extent to permit further build-up by 
neutron capture. The situation wi i 
regard to alpha-particle bombard¬ 
ment, used in the discovery of men- 
dclevium, is somewhat the same. The 
quantities of target materials avail¬ 
able become increasingly smaller and 
they decay more rapidly, as the atomic 
number increases. The most promising 
approach to the synthesis of new ele¬ 
ments of high atomic number is by 
bombardment with ions heavier than 
alpha particles. As seen above, y 
using carbon, nitrogen and oxygen 
ions an projectiles, the elements 99 
and 100 were prepared and KM was 
discovered. With the new linear accel¬ 
erators (§ 9.116), capable of providing 
fairly strong beams of ions as heavy 
as argon, it should be possible to ob¬ 
tain elements of high atomic number,, 
even starting with uranium. 

16.64. After the new elements arc 


(louts. J.U OJIV'I'.- 

observed alpha activity may not arise. 
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prepared, there will be the problem of 
identifying them. With increasing 
atomic number, the half lives for 
radioactive decay or spontaneous fis¬ 
sion will become shorter and shorter; 
this difficulty can be alleviated, to 
some extent, by attempting to prepare 
nuclides with odd mass numbers. It 
will be seen below that element 103 
will probably complete the series ca¬ 
pable of existing in the (III) oxida¬ 
tion state which can be readily sepa¬ 
rated by ion exchange. For the higher 
elements, new chemical methods of 
separation would have to be used, but 
it is believed that even the more stable 
isotopes will exist barely long enough 
to permit such separations to be car¬ 
ried out. For these elements, there¬ 
fore, reliance will probably have to be 
placed in other methods of identifica¬ 
tion. A study of the numerous artifi¬ 
cially prepared isotopes of the ele¬ 
ments of high atomic number has 
revealed certain regularities in con¬ 
nection with the half lives (and en¬ 
ergies) for alpha particle emission and 
for spontaneous fission (§16.102). 
Consequently, from observations of 
the method of production and the 
decay properties of the new short¬ 
lived isotopes, it should be possible to 
assign to them correct atomic and 
mass numbers. 

The Actinide Series 

16.65. In reviewing the properties 
of uranium and the new elements de¬ 
scribed above, the striking nature of 
their similarity is at once evident. All 
the elements exist in the (III) oxida- 
pon state, although its relative sta¬ 
bility, with reference to the other 
States, increases with increasing 
[atomic number. Thus, the uranium 
(HI) ion in solution is oxidized by air, 
but the (IN) state is the most stable 
for americium and I lie 6 elements be¬ 


yond it. In fact, for curium and, prob¬ 
ably, californium and beyond, it is the 
only state that has been detected. The 
trihalides, of the general formula 
MX 3 , where M is the metal and X a 
halogen, are all isomorphous with one 
another, and also with the correspond¬ 
ing halides of actinium. It is of inter¬ 
est to note, too, that they have the 
same crystal structure as the trihalides 
of the rare-earth series. 

16.66. The elements uranium, nep¬ 
tunium, plutonium, americium and 
berkelium form compounds of the 

(IV) state, and for neptunium and 
plutonium these are the most stable. 
The known tetrahalides, of the MX 4 
type, are isomorphous with each other 
and with thorium tetrachloride. The 

(V) oxidation state has been observed 
in solutions of the three elements ura¬ 
nium, neptunium and plutonium; al¬ 
though in no case is this state par¬ 
ticularly stable, neptunium (V) is 
relatively more stable than the, (V) 
states of the other two elements. The 
same three elements and americium 
also exist in (VI) states, that of-ura¬ 
nium being the most stable for this 
element; compounds analogous to the 
uranyl compounds, containing the 
MC> 2 + + ion, have the same crystal 
structures. 

16.67. An approximate attempt to 
indicate the relative stabilities of the 
various oxidation states of the ele¬ 
ments from actinium onward is made 
in the table on page 502; four stars 
represent a very stable, and one, star 
a relatively unstable state of each ele¬ 
ment. Although the complete grada¬ 
tion of properties cannot be shown, 
the general trend is evident. 

16.68. It is not possible here to con¬ 
sider the significance of the foregoing 
facts in connection with I lie problem 
of the iiiTnngorneiit of I ho orbital elec¬ 
trons in I he atoms of high atomic 
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number. It can be seen in general, 
however, that the existence ot (ill) 
oxidation states which are related to 
that of actinium, and (IV) states sim¬ 
ilar to that of thorium, would appear 
to justify the grouping of actinium 

Relative Stabilities of 
Oxidation States 


Element 

Atomic 

Num¬ 

ber 

Actinium 

89 

Thorium 

90 

Protactinium i 

91 

Uranium 

, 92 

Neptunium 'i 

93 

Plutonium 

94 

Americium 

95 

Curium 

96 

Berkelium 

97 

Californium 

98 

Einsteinium 

99 

Fermium 

100 

Mendelevium 

101 

Nobelium 

102 


Oxidation State 


III 


** 

** 

*** 

**** 

**** 

**** 

**** 


IV 


V 


* 




*** 
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rare-earth (lanthanide) and the acti¬ 
nide elements is also quite marked, 
especially as regards the (III) oxida¬ 
tion states. Certain similarities exist 
among the atomic spectra and the 
magnetic properties in the two series. 
Perhaps the most striking resemblance 
is the absence of any absorption of 
light in the visible region of the spec¬ 
trum by curium in the actinide series 
and by gadolinium, its lanthanide 
homologue (§ 16.48). This fact argues 
I very strongly for the analogous ar¬ 
rangement of the electrons in the two 
elements. The critical test of the sim¬ 
ilarity between the actinide and 
lanthanide series will come with the 
identification of element number 104. 

It will be seen from the periodic table 
in Chapter 1 that, if the number of 
elements in the two series is the same, 
element 103 should be the last mem¬ 
ber of the actinide series. Thus, with 
element 104 there should be a change 
in chemical properties; this element 
should be definitely tetravalent, like 
zirconium and hafnium. 

16.70. Further, it lias long been 
known that the trivalent (III) ions of 
the rare-earth series show a decrease 
in size with increasing atomic num¬ 
ber; this has been referred to as the 
lanthanide contraction , and has been 
the subject of theoretical speculation. 
A similar contraction has been ob¬ 
served among the ions of the actinide 
series; the radii of the ions of the 
{III) and (IV) oxidation states, as de¬ 
termined by X-ray diffraction of the 
appropriate crystalline compounds, 
are given in the table. The results are 
expressed in Angstrom units, that is, 

16.69. The parallelism between the in units of 10 8 cm. <§ 168). 

V *M h GolSchmid?, 1 rpho^lscmnvented Ihe elements 

uulinium-227 is a member (8 5.50). 


and the elements which follow it into 
a series analogous to the rare-earth 
elements. The suggestion that there 
might be such a group of elements, lor 
which G. T. Seaborg revived the name 
actinide series* was made by N Bohr 
in 1923. But there was no real evidence 
for its existence until 1940, when 
E. M. McMillan and P. H. Abelson 
discovered neptunium and pointed out 
the similarity of its properties to those 
of uranium. The facts brought to light 
since that time have shown that the 
resemblances, accompanied by ex¬ 
pected gradations, continue through 
the elements of still higher atomic 
number. 
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Ionic Radii in the Actinide Series in 
Angstrom Units 


Element 

Ill State 

IV State 

Actinium. 

1.11 A 

— A 

Thorium. 

— 

0.95 

Protactinium. 

— 


Uranium..... . 

1.04 

0.89 

Neptunium. 

1.02 

0.88 

Plutonium. 

1.01 

0.86 

Americium. 

1.00 

0.85 


16.71. Incidentally, this table points 
up one of the complexities, already 
indicated above, concerning the acti¬ 
nide series. Although the (III) state 
is evidently the most characteristic 
oxidation state, there is only slight 
evidence for the existence of thorium 
(III) and of protactinium (III) 
states. In fact, in some respects, the 


four elements actinium, thorium, pro¬ 
tactinium and uranium resemble lan¬ 
thanum, hafnium, tantalum and tung¬ 
sten, which would be their respective 
homologues in Groups IIIA, IVA, VA 
and VIA of the periodic system, if 
they were not included in the actinide 
group. However, there is not the 
slightest doubt that the transuranium 
elements do not in any way resemble 
the elements which follow tungsten. 
Attempts have been made to explain 
the situation in terms of the arrange¬ 
ments of the orbital electrons among 
the various possible energy levels. But 
many problems, which lie outside the 
scope of this book, still remain to be 
solved. 


THE MISSING ELEMENTS 


Element-87: Francium 

16.72. In the middle thirties of the 
present century, four elements lying 
below uranium in the periodic system 
were still unknown; these were the 
elements of atomic numbers 43, 61, 
85 and 87. It is true that various 
claims had been made to the discov¬ 
ery of all these elements, and names 
had even been assigned to them. The 
general opinion among scientists was, 
however, that the claims had not been 
fully substantiated, and that the oc¬ 
currence of the elements 43, 61, 85 and 
87 in nature was still in doubt. In 
1939, Mile. M. Perey in France 
showed that actinium-227, the isotope 
for which the actinium (4n + 3) series 
of radioelements is named (§5.56), 
exhibits a branched disintegration. Be¬ 
sides undergoing beta decay, as has 
long been known, it also simultane¬ 
ously emits an alpha particle, with the 
resultant formation of a nuclide of 
mass number 223 and atomic number 
87 . The previously unknown element 


formed in this manner was first desig¬ 
nated actinium K, but later its dis¬ 
coverer proposed the name francium , 
symbol Fr, after her native country. 

16.73. In addition to the Fr 223 iso¬ 
tope, which thus occurs in nature, at 
least six other isotopes have been 
obtained artificially. One, Fr 221 , is a 
member of the neptunium (4 n + 1) 
series and there are four, with mass 
numbers 217, 218, 219 and 220, which 
are members of other disintegration 
series (§ 16.92 et seq .). Finally, fran¬ 
cium-222 has been detected as a prod¬ 
uct of the spallation of thorium by 
high-energy protons. From the ob¬ 
servations made so far, the properties 
of francium appear to be, as they 
should, those of a typical alkali-metaL 
element. 

16.74. The claim was made in 1943 
by B. Karlik and T. Bernert of Austria 
to have detected isotopes of the ele¬ 
ment 85 as a result of certain branched 
beta-particle decays in the natural 
radioaotive series. Previous to this 
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date, however, the element had been 
obtained artificially and its interesting 
chemical properties had been eluci¬ 
dated, as will be seen shortly 
(§16.88). 

Element-43: Technetium 

16 75. In 1937, C. Perrier and E. 
Segre, in Italy, secured from the 
United States a specimen of molybde¬ 
num which had been bombarded with 
deuterons, together with neutrons pro¬ 
duced incidentally, from the Berkeley 
cyclotron. The atomic number of mo¬ 
lybdenum is 42, and Perrier and Segre 
considered that the following reac¬ 
tions might have occurred: 42(n,a)40, 
42 (d,a) 41, 42(n,y)42, 42 (d,n) 43, the 
various elements being indicated by 
their atomic numbers. The products 
could thus be isotopes of zirconium 
(40), niobium (41), molybdenum 
(42) or the element-43. The irradiated 
molybdenum was dissolved in aqua 
regia, and by making use of the car¬ 
rier technique, it was found that its 
radioactivity was not carried down 
with cither zirconium, niobium or 
molybdenum ; hence, it appeared prob¬ 
able that it was due to the presence of 
element-43. This element should lie 
in Group YIIA of the periodic sys¬ 
tem, with manganese and rhenium as 
its homologues, the former above and 
the latter below it in the vertical 
group; it is to be expected, therefore, 
that element-43 would be carried by 
either or both of its homologues. . 

16.76. A small quantity of rhenium 
was added to the solution of the ir¬ 
radiated molybdenum in aqua regia, 
and the mixture was evaporated to 
dryness. The residue was dissolved m 


Chap. XVI 

aqueous ammonia and saturated with 
hydrogen sulfide; a manganous salt 
was then added and the whole allowed 
to stand for twelve hours. The precip¬ 
itate of manganous sulfide formed car¬ 
ried some of the rhenium and nearly 
the whole of the radioactivity. By 
treating with hydrochloric acid, the 
manganous sulfide was dissolved out, 
leaving black rhenium sulfide together 
with the activity; it was thus evident 
that the active product closely resem¬ 
bles rhenium. Further, both the active 
sulfide and the rhenium sulfide are 
soluble in hydrogen peroxide. A par¬ 
tial separation of the sulfides can be 
achieved by means of concentrated 
hydrochloric acid; rhenium sulfide 
separates slowly, but the activity, pre¬ 
sumably due to element-43, remains 
in solution. 

16.77. Subsequent work has con¬ 
firmed the production of element-43 
in the manner described above, and its 
discoverers have called it technetium, 
symbol Tc; this name, derived from 
the Greek word technetos, meaning 
artificial, was suggested because it 
was the first element, previously un¬ 
known on earth, which had been made 
artificially.* Altogether, fourteen ra¬ 
dioisotopes of technetium, in the mass 
number range from 92 to 105, have 
been reported. Some are fission prod¬ 
ucts, and others have been obtained 
by bombardment of molybdenum with 
protons, deuterons or alpha particles 
and of niobium by alpha particles. 
Negative beta-active molybdenum iso¬ 
topes of mass number 99, 101, 102 and 
105 are transformed into technetium 
when they decay, as also is ruthenium- 
97, which exhibits K-capture. 


* Traces of technetium undoubtedly ^f ^Y^^Xons by molybdenum. Spectro- 
and uranium-238 and by the capture “f™ “if Andmmedan, contain larger 
scopic evidence indicates, however th ^ X from these sources. Since there is no isotope 

ffiSS&HlSS? “ - — 
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16.78. A considerable clarification of 
the problem of assigning masses to 
the various isotopes of technetium has 
resulted from the availability of the 
separated stable isotopes of molyb¬ 
denum with mass numbers 92, 94, 95, 
96, 97, 98 and 100; these have been 
subjected to the action of deuterons, 
and the products studied. It has been 
found that technetium can be removed 
from its neighboring elements by dis¬ 
tillation from concentrated sulfuric 
acid. This avoids the use of rhenium 
as carrier, from which it is difficult to 
separate. Where a carrier is neces¬ 
sary, platinum has been found useful, 
for the sulfide carries down the tech¬ 
netium with it. 

16.79. One of the most interesting 
of the isotopes of technetium is the 
long lived Tc" discovered by G. T. 
Seaborg and E. Segre in the United 
States in 1939. The interaction of 
molybdenum-98 with slow neutrons 
yields molybdenum-99, by the (n,y) 
process, and this decays, with a half 
life of 67 hours, to form technetium- 
99. The latter undergoes an isomeric 
transition, and the product is Tc" 
with a half life of 2.1 X 10 5 years. 
Microgram amounts of Tc" were at 
first obtained by neutron bombard¬ 
ment of molybdenum, but consider¬ 
ably larger quantities have since been 
separated from the products of ura¬ 
nium fission. As seen in § 13.93, the 
67-hour Mo" mentioned above is a 
fission fragment, and hence its decay 
product, the long-lived isomer of Tc", 
accumulates in the course of time. 

16.80. A study of the chemistry 
of technetium shows it to have, as 
expected, properties intermediate be¬ 
tween those of its homologues man¬ 
ganese and rhenium, the resemblance 
to the latter being perhaps greater 
than to the former. Like rhenium, 
technetium apparently exists in (IV), 


(VI) and (VII) oxidation states. Pure 
technetium metal has been prepared 
by passing hydrogen , gas at 1000°C 
over the sulfide obtained by precipita¬ 
tion with hydrogen sulfide from hy¬ 
drochloric acid solution. The metal has 
been shown to have the same crystal 
structure as rhenium and the adjacent 
elements osmium and ruthenium.: 

Element-61: Promethium 

16.81. The work of Moseley (§ 4.24) ■ 
on the characteristic X-rays of the 
elements and their relationship to the 
atomic numbers showed that there 
should be a rare-earth element of 
atomic number 61 lying between neo- 
dymium and samarium. For the. past j 
quarter of a century, numerous claims 
have been made by scientists bqth in. 
America and in Europe to have dis¬ 
covered this missing element; these 
were usually based on either the 
ordinary optical spectrum or the 
X-ray spectrum of the product sup¬ 
posed to contain the missing element. 
None of the claims seemed to inspire 
any real confidence, and there was a 
feeling of doubt concerning their va¬ 
lidity. In view of the arguments pre¬ 
sented in § 12.104, it would appear 
that the existence of a stable isotope 
of element-61 is unlikely, and if this 
element does occur in nature it would 
probably be a long-lived radioactive 
species of mass number 145. There is 
no evidence, however, that any of the 
substances claimed to be compounds 
of element-61 were radioactive. 

16.82. In the course of a series of 
studies made in the United States by: 
M. L. Pool, J. D. Kurbatov, L. L. 
Quill and their associates, between 
1938 and 1942, on the interaction of 
neutrons, protons, deuterons and alpha 
particles with neodymium and praseo¬ 
dymium, there were obtained a num¬ 
ber of activities, some of which were 
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ascribed to element-61. Isotopes of 
this element were undoubtedly 
formed, but the assignments of the 
various activities were made without 
adequate chemical separation Con¬ 
sequently, not all of the conclusions 
drawn proved to be correct. 

16 83. A definite separation and 
identification of element-61 was 

achieved by J. A. Marinsky and L C. 
Glendenin, working in C. D. Coryell s 
group in connection with the fission 
product identification program o the 
wartime atomic energy project (^13.70 
et seq.). From the fraction of the fis¬ 
sion products containing the raie- 
earth elements and yttrium, which is 
invariably associated with the rare- 
esrths, the cerium was precipitated as 
iodate, and the yttrium, samarium 
and europium were largely removed 
by repeated digestion with a carbonate 
solution. The residue, consisting 
mainly of praseodymium, neodymium 
elemcnt-61 and a small amount of 
yttrium, was absorbed on an Araber- 
lite resin in an ion-exchange column, 
and then eluted with a slightly acid 
solution of ammonium citrate Frac¬ 
tions of the eluate were collected and 
their radioactivity determined; from 
a plot of the activity against the 
volume of liquid passing through the 
column, as described m § 13.83, the 
element-61 was found to be associated 
with a 2.5-year beta activity.* 

16 84. The same half life was ob¬ 
served to be formed as the product of 
negative beta-decay of 1 - a Y 
60 Nd 147 , so that it is presumably due 
to 61 147 ' this mass assignment has 
been verified by direct measurement 
in the mass spectrograph. Appreciable 
quantities of this nuclide in a pure 
state have been separated,, by means 
of the ion-exchange technique, from 
the products of uranium fission. In 
♦ TIik Imlf life whh onginiilly given M 3.7 
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i accordance with anticipation, the ele¬ 
ment-61 is a typical member of the 
rare-earth series, bridging the gap be¬ 
tween neodymium and samarium, 1 he 
wave lengths of the A-lines of the 
characteristic X-rays of the supposed 
element-61 have been measured, and 
the values were found to be exactly as 

expected. . . 

16.85. Several other isotopes oi ele- 
ment-61 have been definitely identi¬ 
fied, while others are still uncertain. 
The 52-hour 61 149 isotope has been 
found among the fission products, 
where it probably results from the 
negative beta-decay of the 2-hour 
Nd 140 . The latter nuclide is also 
formed when slow neutrons interact 
with neodymium-148 and the 52-hour 
isotope of element-61 has been con¬ 
firmed as the decay product. A 5.3- 
day isotope of this element, an iso¬ 
meric state of mass number 148, has 
not been detected as a fission product, 
but it is produced in the ( P,n) reac¬ 
tion with neodymium, presumably 

Nd 148 (7V061 148 - . 

16.86. As stated in § 12.104, the iso¬ 
tope of element-61 with mass number 
145 would be of particular interest, 
since it might be expected to be of a 
relatively long life. This nuclide has 
been found to have a half life of about 
30 years. Although it has a longer life 
than any other isotope of element-61, 
it is much too short to expect that it 
can be detected on earth. 

16 87 The naming of element-bl 
has been the subject of a controversy, 
which has now been resolved I he 
appellation “illinium” was widely 
used at one time, especially in the 
United States, but it was based on a 
claim to the discovery of the element 
that is still open to confirmation. Be¬ 
cause they considered element-61 to 
have been produced in their bombard¬ 
ons, bul, Ibis is now known l.o he incorrect. 
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ment of neodymium with particles ac¬ 
celerated in the cyclotron, Pool and 
Quill suggested it be called “cyclo- 
nium.” Finally, the name “prome¬ 
thium” was proposed by Marinsky 
and Glendenin, who separated ele¬ 
ment-61 from uranium fission prod¬ 
ucts; Prometheus, according to my¬ 
thology, brought fire from heaven for 
the use of man, just as fission has 
made available the energy of the nu¬ 
cleus.* At its meeting in 1949, the In¬ 
ternational Union of Chemistry rec¬ 
ommended the adoption of the name 
promethium , symbol Pm, thereby ac¬ 
knowledging the claim of Marinsky 
and Glendenin to the first isolation of 
element-61. 

Element-85: Astatine 

16.88. It was mentioned in § 16.74 
that isotopes of element 85 have been 
reported as products of natural radio¬ 
activity, but this element was first ob¬ 
tained by D. R. Corson, K. R. Mac¬ 
kenzie and E. Segre in the United 
States in 1940. They found that when 
bismuth is irradiated with 32-Mev 
alpha particles from a cyclotron, a 
7.2-hour activity develops which can 
be separated from all the adjacent 
elements, and which is presumably 
due to element-85 formed by the re¬ 
action 

rnBi m + slle 4 85 2n + 2 0 n l . 

The decay of the 85 211 nuclide by or¬ 
bital-electron capture results in the 
formation of Po 211 ; thus 

85 2U + _ie () —► s 4 Po- m . 

This is the substance commonly 
known as actinium C', which lias a 
very short hall' life, estimated to be 
5 X 10 :{ sec,, and expels n long-range 
alpha, paiiicle. The fuel (hat I hesc 
onergelic particles always accompany 

'''Tlic nnnlogy wiih HiiggcMtcd hy Mrs. C. 1), 


the 85 211 supports the assignment of 
the mass number. There are, in addi¬ 
tion, alpha particles of shorter range, 
and these are attributed to a branched 
disintegration. The production of ele¬ 
ment 85 in the manner described has 
been confirmed, and its discoverers 
have proposed the name astatine , 
symbol At, from the Greek astatos . 
meaning unstable, since it is the only 
member of the halogen group having 
no stable isotope. 

16.89. The chemistry of astatine, 
which was worked out by means of 
the tracer technique, is exceptionally 
interesting because it shows marked 
differences from that of the halogens, 
yet is in keeping with the regular tran¬ 
sition of properties with increasing 
atomic number in Group VIIB of 
the periodic table. It is well known 
that the electronegative, that i P s, the 
acidic or non-metallic, properties of 
the halogens diminish steadily in pass¬ 
ing from fluorine to iodine; in the 
latter, some electropositive, or metal¬ 
lic, character is already apparent/ 
although the properties are essentially 
those of an electronegative element. 
With astatine, however, the electro¬ 
positive character appears to be more 
marked. 

16.90. After reduction by sulfur di¬ 
oxide or by zinc, the astatine activity 
is carried either by silver or thallium 
iodide, so that it evidently forms in¬ 
soluble silver and thallium salts. This 
represents astatine in the univalent 
negative state which is characteristic 
of the halogens. However, astatine is 
very readily oxidized by bromine and 
by ferric ions, there being indications 
of at least two oxidation states. Al¬ 
though there is no evidence from mi¬ 
gration experiments of the presence of 
positive ions iji the solution, astatine 
deposits on the cathode, as well as 

Covyfill. 
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on the anode, in the electrolysis of 
oxidized solutions. Elemental astatine 
can be volatilized, although not so 
readily as iodine, and it has a specific 
affinity for metallic silver. The sim¬ 
ilarity to iodine is also shown by the 
observation that astatine concentrates 
in the thyroid glands of animals. 

16.91. According to Karlik and 
Bernert (§ 16.74), isotopes of astatine 
result from branched disintegrations 
of radium A(Po 218 ), thorium A(Po 2ie ) 
and actinium AlPo 2ij )> accompanied 
by the emission of beta particles; the 
mass numbers would thus be 218, 2lb 
and 215, respectively. Subsequent in¬ 
vestigations, however, suggest that the 
production of the 216-isotope in this 
manner is doubtful, although the other 
modes of decay have been confirmed. 


Both At 215 and At 218 , which thus occur 
in nature, are alpha-particle emitters 
of very short half life. Their decay 
products, radium C and thorium C, 
respectively, are normal members of 
the uranium and actinium series, re¬ 
spectively. In addition to the two 
naturally occurring isotopes, sixteen 
others, with mass numbers in the range 
from 202 to 219, have been reported. 
Some have been obtained by bombard¬ 
ment of bismuth with alpha particles 
or by the spallation of uranium-238, 
whereas most of the remainder are 
members of one of the several known 
artificial radioactive series, described 
in the next section. Astatine-205 has 
resulted from the action of accel¬ 
erated carbon nuclei on gold, i.e., 
Au 197 (C 12 ,4n) At 205 . 


NEW RADIOACTIVE SERIES 


The Neptunium Series 

16.92. The first three known mem¬ 
bers of the neptunium (4n + 1) senes 
of radioactive elements, mentioned in 
§ 5.62, are plutonium-241, americium- 
241 and neptunium-237; these have 
been described in the present chapter. 
The next element is protactinium-233, 
which was, incidentally, the first mem¬ 
ber of the series to be discovered. 
When E. Fermi and his collaborators 
in Italy bombarded thorium with slow 
neutrons in 1935 (§ 11.46) the prod¬ 
uct* was identified as thorium-233 
produced by the (n,y) reaction 

90 Th 232 + o ri -> goTh 233 + y. 

This is known to have a half life of 
23.5 min., and the product should be 
protactinium-233, formed by the nega¬ 
tive beta-decay process 

«oTh*» 


The Pa 233 was found, by L. Meitner, 
F. Strassmann and 0. Hahn in Ger¬ 
many in 1938, to be a negative beta- 
emitter, with a half life of 27.4 days. 
The decay of the protactinium-233, 
represented by 

9 iPa 233 92 U 233 + -i6°, 

leads to the formation of uranium- 
233, another member of the neptu¬ 
nium series. This important nuclear 
fuel material (§ 15.12) was discovered 
and first isolated in 1942 by G. T. 
Seaborg, J. W. Gofman, and R. W. 
Stoughton in the United States; they 
showed that it is an alpha emitter, 
with a half life now taken to be 1.62 
X 10 5 years, and that it is fissionable 
by slow neutrons. 

16.93. By bombarding thorium with 
a high density of neutrons from a 
nuclear-chain reactor, and allowing 
the intermediate products to decay, 


* The situnt inn in this case, wan not complicated as it was with uranium, by fission prodr 
ucls sfnee tllorhlm-232 docs'not sulTor fission with slow neutrons. 
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several milligrams of uranium-233 
were obtained. Its immediate daugh¬ 
ter, thorium-229, has a relatively long 
life, but because adequate amounts of 
uranium-233 were available, it was 
possible to accumulate sufficient of 
this isotope of thorium to permit a 
complete study of its disintegration 
products, all of which have relatively 
short lives. One of these is seen to be 
francium-221, the daughter of which 
is astatine-217, 

Collateral Radioactive Series 

16.94. In addition to the three main 
natural and the one artificial disinte¬ 
gration series of radioelements (Chap¬ 
ter V), each has been found to have 
at least one parallel or collateral 
series. The main series and the col¬ 
lateral series have different parents, 
but they become identical when, in the 
course of disintegration, they have a 


uranium-238. Similarly, mendelevium- 
256 appears to be a direct progenitor 
of thorium-232. Many others, how¬ 
ever, fall on collateral series which 
join with the main series at a later 
stage. 

16.95. Because of the large number 
of isotopes of the elements of high 
atomic number, several collateral 
series have been identified. A few of 
the shorter ones, representing mostly 
those first discovered, will be de¬ 
scribed here. Collateral with the natu¬ 
ral uranium series is an artificial 
4n + 2 series discovered in the United 
States by M. H. Studier and E. K. 
Hyde.* Its parent is protactinium-2^0 
formed by the bombardment of thp- 
rium with alpha particles or deuterons 
of high energy, according to the re¬ 
actions Th 232 (a,p5r0Pa 230 an<j Th 232 
(d,4n)Pa 230 . The decay scheme of the 
series has been found to be as follows: 


91 Pa 230 —> «!?“ -Th- ssRa 222 86 Rn 2 ‘* 84 Po 214 (RaC') -► U 


member in common. Actually, the nu¬ 
clides of all the actinide elements must 
be members of one or other of the 
four so-called main series or of their 
collateral series, since there are only 
four possible end-products of the 
radioactive decay chains, namely, 
Pb 208 (4n), Bi 209 (4n + 1), Pb 206 

(4n + 2) and Pb 207 (4 n + 3). Thus, 
some of the artificial species are pro¬ 
genitors of the existing parents of the 
naturally occurring (or main) radio¬ 
active series. For example, ein- 
pteinium-254 undergoes beta decay 


series. 

The loss of an alpha particle -by the 
emanation, radon-218, leads to the for¬ 
mation of polonium-214, which is iden¬ 
tical with radium C' of the uranium 
series; the subsequent decay of the 
collateral series thus coincides with 
that of the main uranium series at 
this point. 

16.96. Another collateral 4 n + 2 
series has for its progenitor protac¬ 
tinium-226 which is found among the 
products of bombardment of thorium 
with 150-Mev deuterons. The‘ decay 
scheme is represented by 


wPa 220 


1.8 m. 


l 9 Ac 222 


-► 87 Fr 218 - r oc 

5.5 s. 87 6xio-»s. 86 ‘ 


At 214 


2 X 10 -fl a 


* 83 Bi 210 (RaE)-> U series. 


and this would be followed by four 16.97. Two collateral 4 n (thorium) 
stages of alpha decay to produce and one 4rz. + 3 (actinium) series were 


* The name protactinium series has boon suggested for this artificial 4n -j- 2 scries, because 
protactinium-230 is the first known member. However, as will be seen below, other protac¬ 
tinium motopo* are nl«o the progenitor* of the 4n and 4w +3 collateral serien. 
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identified by G. T. Seaborg and his as 
eoeiates in the United States. The first 
member of one of the 4n senes ^ prot¬ 
actinium-228 resulting from the ir- 
raddition of thorium with 80-Mev 
deuterons, by the reaction 
(d,6n)Pa 228 . The decay scheme ,s 


16 100. A collateral 4n + 1 scries 
that' it is of interest to note, includes 
an emanation (Rn- 7 ), which the mam 

neptunium senesf does not 5 '!L 0 ’ 
has for its progenitor uranium-229, 
formed by the <«,7n) reaction on tho¬ 
rium-232 with 100-Mev alpha parti- 


,Pa 2 - 8 ■ 


nkc™ ■ 


„Fr 220 ; 


88 At 2 ' 8 


22h . 27 ' 5 . 
the Bi 212 being identical with thorium 


3X10" 4 s. 


.> 83 Bi 212 (ThC) -» Th series, 


des. The decay scheme is 


S.-.U 229 


&S m. 


)0 Th 226 ; 


8.0 in- 


!8 Ra 221 


30 a. 


i6 Rn 217 ■ 


C of the natural thorium series. The 
second collateral 4n series starts with 
plutonium-232 produced when ura¬ 
nium-235 is bombarded with alpha 
particles; thus U^JnW 32 . The 
decay stages are 


_f—> P6* 1 * Np series. 

. ^lO" 3 a. 

16.101. In addition, a few other col¬ 
lateral members of the neptunium 
series are known. One example is piot- 
aetiniura-229, formed by the bom¬ 
bardment of the natural radioactive 
element ionium (Th 28 ") by means of 


l4 Pu 232 ; 


-* 92U 228 : 


9.3 m. ' 


, 0 Th 224 - 


1 8 . 


j8 Ra 220 


3X10 -2 s. 


ifiRn 2 ” 


io-< 8. 


14 Po 212 (ThC') -»Th 


senes. 


16.98. The progenitor of the col¬ 
lateral in + 3 series is protactinium- 
227 obtained by the rear ion 
Th 2:,2 fd,7n)Pa 22T ; its decay scheme 
is as follows: 


the process 

Tli 230 (d 3nlPa 22 ®. This nuclide has a 
half life of 1.5 days, decaying by 
orbital-electron capture and a so by 
the emission of an alpha particle, 


aPa 227 


38 m. 


«,Ac 223 


2.2 m- 


i 7 Fr 219 ■ 


0.02 8 . 


l5 At 2 " 


-10-* 8. 


* 8;l Bi 211 (AcC) -> Ac series. 


16 99. It can be seen from the tabu¬ 
lation in 5 5.58, that uranium-235 
(actinouranium) is the first natura y . 
occurring member of the actinium 
(in + 3) series, but the three nuclides 
PJ 239 Npaao and Pu 239 may be regarded 
as artificial precursors. The rapid de¬ 
cay of the first two leads of course 
to the formation of plutonmm-239 
(X 16.26), and as the latter is an alpha 
emitter, its daughter will he uranium- 
235;* thus, 


products are thorium-229 and actin¬ 
ium-225, which, as seen m ^ o,63, aie 
both members of the neptunium senes. 
The plutonium mentioned m‘ 8 lo-£‘ 
as resulting from the U 238 (<*,5n)Pu 
reaction, decays by orbital-electron 
capture with a half life of 40 days 
the product is neptunium-237, ior 
which the artificial 4n + 1 senes is 
named. 


ttm , 4 Nd sj, A ^ »»U !M (AcU) -* Ac scries. 

M * It is of special interest to note in tlns connecdon that O^decay^f 

to the formation of uramum-2^ : since b .^P.^ lh(lt plutonmm-239 could be stored fo 

thoiwand# of'without appreciable 1 ° 8 L° | Q ^tU re^th ewS^n'm ent of the "main series” 

‘ . . .. 
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Alpha-Particle Energies 

16.102. One of the consequences of 
the study of the various collateral se¬ 
ries is the availability of a total of 
over one hundred alpha emitters, com¬ 
pared to the less than thirty occurring 
in nature. A comparison of the masses, 
half lives and alpha-particle energies 
of these nuclides has revealed some in¬ 
teresting facts. Considering the alpha- 
emitting isotopes of any given ele¬ 
ment, from bismuth onward, it has 
been noted that the energies of the 
alpha particles increase, in general, 
with decreasing mass of the isotope. 
In other words, the nuclides with the 
lowest mass numbers, and which are 
consequently the most neutron defi¬ 
cient, emit alpha particles with the 
highest energies. This is to be expected, 
since the larger ratio of protons to 
neutrons should favor alpha activity. 
For the elements of lower atomic num¬ 
ber, namely, bismuth, polonium and 
astatine, the heaviest isotopes show 
the trend mentioned above, but with 
decreasing mass number a point is 
reached where the alpha energy 
decreases, passes through a minimum 
and then increases again. These min¬ 
ima must represent nuclides of rela¬ 
tively greater stability, and it is 
significant that Bi 209 , Po 210 and At 211 , 
all of which have the stable number 
126 of neutrons, occur at or near the 
minima for the respective elements 
(§ 12.105). There is evidence of simi¬ 
lar minima for those isotopes of the 
elements beyond curium containing 
152 neutrons in their nuclei. 

16.103. If the energies of the alpha 
particles expelled from the nuclides 
of the even-even type, that is, with 
even numbers of protons and neutrons, 


are plotted against the logarithms of 
the corresponding half lives, the values 
for the various elements of even 
atomic number, from polonium to 
curium, fall on a series of approx¬ 
imately parallel lines. The results are 
in general agreement with the wave- 
mechanical theory of alpha decay 
(§ 7.30), the half life, for a given en¬ 
ergy value, increasing with the atomic 
number, i.e., with the nuclear charge 
of the radioactive species. However, 
alpha emitters with an odd number of 
neutrons or protons, or both, have half 
lives considerably longer than ex¬ 
pected. Incidentally, all these nuclides 
emit alpha particles of relatively high 
energy, namely, 5 Mev or more. It is 
possible that the comparatively lofig 
half lives and high energies of the 
isotopes containing odd numbers of 
protons or neutrons, or both, ill which 
one or more of the nucleons milst have 
unpaired spins, is due partly to the 
“forbidden” character of the decay. 

16.104. In view of the relationships 
between mass number and alpha- 
particle energy on the one hand, and 
half life and alpha-particle energy on 
the other hand, it is to be expected 
that certain regularities will exist be¬ 
tween half lives and mass numbers. 
This is indeed the case, especially for 
even-even nuclides. Similarly, rela¬ 
tionships have been obtained between 
mass number and the half lives for 
spontaneous fission. The accumulation 
of systematic data of this kind has 
helped in predicting the decay proper¬ 
ties of hitherto undiscovered species, 
and should be useful, as mentioned 
above, for the identification of nu¬ 
clides of such short life that other 
methods will not be applicable. 
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Chapter XVII 


ISOTOPES AS TRACERS 


Labeling with Isotopes 
17.1. It has been predicted that 
when the achievements of the present- 
day atomic energy program are re¬ 
viewed in the light of history it will 
be found that the greatest contribu¬ 
tion to humanity will have resulted 
from the variety of isotopes, both 
radioactive and inactive, that have 
been made available for experimental 
purposes. The isotopic method repre¬ 
sents, as will be seen below, a powerful 
tool for the solution of numerous 
problems in biology, physiology, 
chemistry, physics and other sciences. 
Some of these problems, particularly 
those having an important bearing on 
life processes, could not have been 
solved without the use of isotopes. In 
others, possible solutions, which have 
been arrived at by laborious proced- 
ures, have been confirmed or disproved 
by utilizing the information that can 
quickly be supplied by the proper ap¬ 
plication of the isotopic method. It is 
true that the use of isotopes as a 
scientific tool is not new; but it is only 


in recent years that isotopes have be¬ 
come available in such variety and m 
such quantity as to make their use as 
widespread as it is at the present 
time. Results of considerable interest 
and practical value have already been 
reported, and further discoveries of 
great significance may he confidently 

expected.* . 

17.2. The more important appnea- 
tions of isotopes depend on the fact 
that the chemical properties of the 
isotopes of a given element are essen¬ 
tially identical. Some variations, as 
mentioned in § 8.74, which are due to 
differences in reaction rates, occur 
with the lightest elements, but these 
are usually unimportant. A radio- 
isotope can be detected by 1 s 
radioactivity, and an inactive isotope 
of particular mass can be identified by 
means of the mass spectrometer. Con¬ 
sequently, the characteristic property 
of the isotope, namely, its radioac¬ 
tivity or its mass, can act as a tag 
or “label” which permits the fate of 
the element, or of a compound con- 


♦From August 2. 1946 through July 31A957, the Oak Jion^^le’ 98,807 

capacity as primary diatnhutoi ftir 1 " ^ United Slate* and 6.464 shipments to foreign 
countries* As ,TJtmf mI’iSk! Chavc abtobeen mude 3,798 shipments of stable isotopes. 
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taining this element, to be traced 
through a series of chemical and phys¬ 
ical changes. The element which has 
been labeled or tagged is consequently 
called a tracer element. 

17.3. In general, an element can be 
labeled by changing its natural iso¬ 
topic composition; for example, ordi¬ 
nary carbon contains 1,1 per cent of 
the heavier isotope C 13 , but if the 
proportion of this isotope in a partic¬ 
ular compound is increased, the carbon 
has become labeled. Similarly, the 
radioactive isotopes C u and C 14 may 
be used to label carbon, since the nat¬ 
ural element contains neither of these 
nuclides. If a carbon compound con¬ 
tains two or more carbon atoms, it is 
often feasible to label a particular one 
or more. Thus acetic acid, CH 3 COOH, 
has a methyl carbon atom, in the 
—CH 3 group, and a carboxyl carbon 
atom, in the —COOH group. It is 
possible to prepare acetic acid in which 
the isotopic composition of either or 
both of the carbon atoms differs from 
the normal value for the element car¬ 
bon as found in nature. This change 
has a negligible effect on the chemical 
and physiological properties of the 
substance, and so the behavior of each 
particular portion of the molecule can 
be traced. 

17.4. Suppose that acetic acid, in 
which only the methyl carbon atom is 
labeled, is supplied to an organism; 
then, among the metabolic products 
appears carbon dioxide gas. Upon test¬ 
ing the latter by a particle counter 
for radioactivity or by a mass spec¬ 
trometer for mass, the carbon is found 
to be inactive or to have the normal 
isotopic composition. The obvious con¬ 
clusion to be drawn is that the carbon 
in the carbon dioxide originated from 
the carboxyl group and not from the 
methyl group of the acetic acid. The 
carbon in the methyl group is evi¬ 


dently utilized for some other process, 
the nature of which might be discov¬ 
ered by further investigation. 

17.5. The foregoing example is an 
illustration of the type of problem for 
which an unequivocal solution could 
not possibly be obtained without the 
use of an isotopic tracer, for the chem¬ 
ist has otherwise no way of distin¬ 
guishing between the two carbon 
atoms. There are many other instances 
of a similar character. Plants and 
other living organisms produce carbon 
dioxide in respiration, but it was not 
possible to state whether the gas was 
being assimilated at th.e same time. By 
means of carbon dioxide tagged with'a 
radioactive carbon isotope, it has been 
found that absorption occurs simulta¬ 
neously with respiration. When a 
plant grows it takes up phosphorus 
both from the soil and from' added 
fertilizer; it is important to know 
what proportion comes from each 
source. Ordinary analytical methods 
cannot answer this question, but the 
use of radioactive phosphorus can sup¬ 
ply the information. In blood; trans¬ 
fusion, what happens to the red cor¬ 
puscles in the body- of the patient? 
Once the transfusion has taken place, 
it is normally impossible to distinguish 
between the corpuscles previously 
present and those which have been 
added. But by labeling the iron in the 
hemoglobin, the red coloring matter 
of the transfused blood, its behavior 
can be determined in the body of the 
recipient. 

17.6. One further example may be 
given in concluding this general out¬ 
line of the unique properties of the 
isotopic tool. In sunlight, green plants 
can take up carbon dioxide and water, 
which are converted into sugars and 
starches, and at the same time they 
give up oxygen. Carbon dioxide and 
water each contain oxygen, and the 
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question is: Does this oxygen origi¬ 
nate from the carbon dioxide or .ror. 
the water molecule, or from both? It 
had long been suspected that it came 
from the water molecule, but definite 
proof required the use of water and of 
carbon dioxide, in one or other of 
which the oxygen atoms were labeled 
by increasing the proportion ot the 
O 18 isotope. 

Radioactive and Stable Isotopes 

17.7. In 1913, soon after the dis¬ 
covery of isotopes (Chapter YIII), 

G Hevesy and F. A. Paneth, m Ger¬ 
many, showed that minute amounts of 
radium D(Pb 21 °) could be used as a 
radioactive tracer, or indicator, as 
they called it, for lead in the determi¬ 
nation Of the solubilities of sparingly 
soluble lead salts. Five years Inter, in 
1918. Paneth employed naturally oc¬ 
curring radioisotopes of lead and bis¬ 
muth to study the behavior of the 
unstable hydrides of these metals. I be 
hydrides were detected by the radio¬ 
activity associated with them, since 
the respective isotopes had the same 
chemical properties as the inactive 
forms of the elements. The first appli¬ 
cation of radioactive tracers to a bio¬ 
logical problem was made by Hevesy 
in 1923’ he investigated the uptake 
by plants of lead from solution using 
thorium B(Pb 212 t to label a lead salt. 
After various time intervals, the plants 
were burned and the amounts of lead 
taken up were calculated from the 
thorium B present. It was Hevesy, 
too, who in 1935, in conjunction noth 
O. Chiewitz, initiated the use of arti¬ 
ficial radioisotopes as trarers. by 


Chap. XVII 

studying the absorption by plants of 
phosphorus from a nutrient solution. 

17.8. The first non radio active, iso¬ 
tope to become available in an en¬ 
riched form was heavy hydrogen or 
deuterium (§ 8.661; this immediately 
found numerous applications as a too 
for the study of a variety of chemical 
problems. Subsequently, the heavier 
stable isotopes of carbon and nitrogen, 
namely C 13 and Vri were concen¬ 
trated by the chemical exchange 
method, and in 1937, R. Schoenheimer 
and his associates in the Tinted States, 
started a highly significant senes ot 
nhvsiological investigations making 
use of deuterium and of W* as tracers. 
Later, enriched isotopic forms of car¬ 
bon, nitrogen and sulfur were em¬ 
ployed in connection with a number 
of biochemical studies. 

17,9. Until recently, the application 
of isotopic tracers was restricted, for 
two main reasons: first, the number ot 
stable isotopes that had been concen¬ 
trated was very small; and second, 
although many radioactive isotopes 
were known, only very limited 
amounts were obtainable, and then 
I onlv hv those who had aeeess to a 
cyclotron, or other particle acceler¬ 
ator, or to a strong source of neutrons. 
Since 1946, the situation has changed 
completely; stable isotopes of over 
fifty elements, including deuterium, 
carbon-13, nitrogen-15 and oxygen-18, 

are now readily available. Many 
radioisotopes which had previously 
been obtained in the merest traces are 
now being made in appreciable quanti¬ 
ties bv various neutron reactions us- 
the intent neutron Hux of nuclear 
reactors * In addition, other rsdmiso- 


* “Materials to he activated 
tltrn inerted inio holes in » Rraph^e Work or ■ tr P loaded wiUi containers, i* 

from Hadumotopr* Cfilnloa '""i i 
lOncrRy OoinniiNHion.) 
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topes are being extracted from the 
fission products. Some useful radio¬ 
active nuclides cannot be conveniently 
derived from neutron reactions, and 
they are ixsually made by irradiation 
of a suitable element with accelerated 
deuterons from a cyclotron, or simi¬ 
lar device. 

17.10. When the decision is made to 
undertake an experimental investiga¬ 
tion requiring the use of an isotope 
of a particular element, there is fre¬ 
quently, although not always, a choice 
possible between a stable and a radio¬ 
active isotope. This is the case, for 
example, with carbon for which the 
stable C 13 as well as the radioactive 
C 11 and C 14 are available. The final 
selection will be determined by a num¬ 
ber of considerations, which can be 
indicated by reviewing the advantages 
and disadvantages of stable and un¬ 
stable nuclides as tracers. 

17.11. The main point in favor of 
the employment of radioisotopes is 
their ease of detection, and even of 
quantitative determination, in ex¬ 
tremely small amounts by utilizing 
the ionizing or photographic effects of 
the emitted radiations (Chapter VI). 
It may be mentioned, incidentally, 
that virtually all the artificial radio¬ 
isotopes used in tracer work are beta 
emitters, positive or negative; some 
evolve gamma radiations in addition. 
On the other hand, the spontaneous 
decay of the radioactive nuclei means 
that the amount of the tracer is stead¬ 
ily decreasing, so that observations of 
long duration may not be possible. As 
a very rough generalization, a radio¬ 
isotope is effectively useful in a given 
experiment lasting about ten times the 
half life. Before the discovery of C 14 , 
the only known radioactive isotope of 
carbon was C 11 , with a half life of 20.4 
min., mul it is a tribute to the skill of 
the scientists that they were able to 


prepare suitable compounds and study 
their behavior in living organisms be¬ 
fore the material had become unde¬ 
tectable. 

17.12. Where there is a choice be¬ 
tween a short-lived and a long-lived 
isotope, the latter would appear, at 
first sight, to be preferable. But it 
must be remembered (§ 7.78) that 
there is an approximate inverse rela¬ 
tionship between the life of a radio¬ 
nuclide and the energy of the emitted 
beta particle. A long-lived isotope, 
such as C 14 , with a half life of 5600 
years, expels a feeble beta particle of 
short range which is not easy to de¬ 
tect. This difficulty is, fortunately, n6t 
insuperable, and a number of different 
methods have been proposed for 
adapting Geiger-Muller tubes and 
other devices for the counting of the 
so-called “soft” beta particles of feeble 
energy and low penetrating power. 

17.13. Another aspect of the use of 
radioisotopes as tracers is the possible 
harmful effects of the radiations, both 
on the operating personnel and on liv¬ 
ing organisms that may form the sub¬ 
jects for biological studies. Methods 
of protecting the workers have been 
devised, and provided the recognized 
precautions are taken, as described in 
Chapter XIX, all danger can be 
avoided. In this respect isotopes, such 
as carbon-14, which emit beta par¬ 
ticles of low energy and no gamma 
rays, present an advantage, since pro¬ 
tection from the external effects of the 
radiation is relatively simple. Care 
must, of course, be exercised in the 
introduction of radioisotopes into the 
body; some, radiocarbon, for example, 
are distributed throughout the tissues, 
while others, notably iodine and cal¬ 
cium, tend to be fixed in particular 
parts of the organism (§ 19.16). How¬ 
ever, by keeping the quantity of radio¬ 
active material below certain specified 
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water are harmful to certain living 
organisms, presumably because the 
processes necessary for the mainte¬ 
nance of life occur at abnormal rates. 
This effect would be even more 
marked with tritium. Care must there¬ 
fore be exercised in the use of hydro¬ 
gen isotopes and in the interpretation 
of the results. 

17.18. As already indicated, three 
isotopes of carbon, namely C 11 , C 13 
and C 14 are obtainable for experimen¬ 
tal purposes. Of these C 13 is stable, 
and is enriched by the chemical ex¬ 
change method described in §8.115. 
The long-lived C 14 , with a half life of 
5600 years, is obtained by irradiation 
of nitrogen with neutrons in a nuclear 
reactor, according to the process 
N 14 (n,p) C 14 mentioned in §11.51. 
This is one of the few cases where 
slow neutrons have a large cross sec¬ 
tion for an (n,p) process. If the short¬ 
lived C 11 , half life 20.4 min., is re¬ 
quired it is best made by the bombard¬ 
ment of boron with fast deuterons 
from a cyclotron, according to the 
reaction B 10 (d,n)C n . 

17.19. No radioisotopes of nitrogen 
or oxygen having a reasonably long 
life have yet been discovered, as 
stated above, and so tracer work with 
these elements is restricted to the 
stable nuclides N 15 and 0 1S , respec¬ 
tively. Fortunately, both of these iso¬ 
topes are now readily available. The 
nitrogen-15 is concentrated by the 
chemical exchange procedure, and 
oxygen-18 is a by-product of the man¬ 
ufacture of heavy water, but this iso¬ 
tope could undoubtedly also be en¬ 
riched by chemical exchange methods. 
Because of their gaseous nature and 
the consequent difficulty of retaining 
the deposits, it is unlikely that the 
isotopes of nitrogen and oxygen will 
be separated electromagnotieally 
(§8-90). 


17.20. Sodium exists in nature as a 
single nuclide (Na 23 ) and so there is 
no possibility of using a stable tracer, 
but two radioisotopes, namely Na 22 , 
half life 2.6 years, and Na 24 , half life 
15 hours, are known. The former is 
made by the bombardment of mag¬ 
nesium by deuterons in the reaction 
Mg 24 (d,«)Na 22 and requires the use of 
a cyclotron or similar instrument. The 
Na 24 isotope, prepared by the action 
of reactor neutrons on sodium, thus, 
Na 23 (n,y)Na 24 , is available and can 
be used for short-term investigations. 

17.21. Phosphorus is another ele¬ 
ment occurring naturally as a single 
nuclide, so that a radioisotope must be 
employed in tracer work. Only one pf 
these, P 32 , has a sufficiently long half 
life, viz., 14.3 days, to permit its use 
as a tracer; this isotope can be,readily 
made in a nuclear reactor either by 
the (n,y) reaction P 34 (n,y)P 32 , or by 
the (n,p) process S 32 (n,p)P 32 . The 
latter method is preferred because the 
phosphorus can be chemically sepa¬ 
rated from the sulfur target material, 
thus yielding a product of high specific 
activity (§ 37.36). 

17.22. The clement sulfur offers 
three possibilities for isotopic tracing. 
The stable isotopes S 34 and S 36 can be 
separated by the electromagnetic 
method, and the former has also been 
enriched by chemical exchange. In ad¬ 
dition, the 87.1-day radioactive S 35 is 
available from the interaction of re¬ 
actor neutrons with chlorine, accord¬ 
ing to the process Cl 35 (n,p) S 35 . The 
energy of the beta particle from S 35 
is similar to that emitted by C 14 , arid 
so analogous detection procedures are 
employed for these two nuclides. 

17.23. The situation with regard to 
the isotopes of chlorine is not too good. 
The long-lived radioisotope Cl 3fl , with 
a half life of 3,2 x 10 5 years, is ob¬ 
tainable from the irradiation of Cl !<n , 
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more or less exclusively if enriched 
Fe 58 were used as target material. An¬ 
other possibility is to allow the mix¬ 
ture containing Fe 55 and Fe 59 to stand 
for a year or so, in which time the 
Fe 59 will have largely decayed, but 
the amount of Fe 55 will be reduced 
only slightly, U here a cyclotron is 
available the individual radioisotopes 
of iron can be made by Mn SB (d,2n) 
Fe 5& and Co a0 (n,p)Fe a9 , respectively, 
fast neutrons being required for the 
latter process. 

17.28. Cobalt has two radioactive 
isotopes of value in tracer work, to 
compensate for the fact that it has but 
a, single stable nuclide. The longer- 
lived, 5.3-year Co 60 is readily obtained 
by means of slow neutrons, accord¬ 
ing to the reaction Co 59 (n,y)Co 60 , but 
the 72-day Co 58 requires deuterons 
from a cyclotron to make the Fe 57 
(d,n)Co 58 process possible. 

17.29. The situation with regard to 
copper is not too promising. The long¬ 
est-lived known radioisotope is Cu 84 , 
but its half life is only 12.8 hours, so 
that its use as a tracer 1 is restricted to 
short range investigations. It is true 
that the stable isotope Cu 65 can be en¬ 
riched, but since the natural material 
already contains nearly 30 per cent of 
this nuclide, large quantities would be 
needed to make an appreciable change 
in the isotopic composition. Without 
such a change, tracer work is, of 
course, impossible. 

17.30. Stable Zn 70 has been concen¬ 
trated by the electromagnetic method 
and is available for use as a tracer 
element. In addition, the 245-day Zn 65 
is made by the irradiation of zinc with 
reactor neutrons, thus, Zn 64 (n, y ) Zn 65 . 
Because the radioisotope cannot be 
separated from the stable target ma¬ 
terial, the specific activity of the Zn flB 
as obtained in this way is low. If a 


product of higher specific activity is 
required, the reaction Cu 05 (d,2n) Zn 65 
is used, the deuterons being supplied 
by a cyclotron. 

17.31. Iodine exists in nature as a 
single species and consequently there 
is no possibility of using stable iodine 
in tracer studies. Of the many radio¬ 
isotopes of this element, only two, 
namely, 8.05-day I 131 and 60-day I 125 , 
offer any practical prospects in this 
connection. The former is obtained 
from the products of the fission of 
uranium, where it results from the 
beta decay of 24.8-min. Te 131 . The 
iodine is readily extracted from the 
mixture on account of its volatility. 
The longer-lived isotope I 125 , which is 
less readily available, is made by the 
| Te 124 (d,n)I 125 reaction in a cyclotron. 

i 

Specific Activity: The Curie 

17.32. The extreme sensitivity of 
the radioactive tracing procedure can 
be readily understood by considering 
some simple calculations. According to 
equation (5,1), the rate of disintegra¬ 
tion of a radioelement is equal to 
A N, where A is the decay constant and 
N is the number of atoms of the ele¬ 
ment present. If each disintegration 
may be supposed to be accompanied 
by the expulsion of a single particle, 
for example, a beta particle, then A N 
is also the rate at which such particles 
are expelled from the N atoms of 
radioactive material. By equation 
(5.9), the decay constant A may be 
replaced by 0.693/7 7 , where T is the 
half life of the radionuclide; hence, 

Rate of emission 0.693W (171) 

of particles “ y ^ * 

li T is expressed in seconds, then this 
equation gives the emission rate in 
terms of the number of particles ex- 
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pelled per second from N atoms of the 

given nuclide. . 

17.33. A particle counter, such 
an ionization device or a scintillation 
counter, can, in principle, detect a 
single particle, but if reasonably ac¬ 
curate measurements arc to be ma , 
the counting rate must appreciably ex¬ 
ceed that due to extraneous causes, 
such as cosmic rays and atmospheric 
radioactivity. A minimum practical 
value for the rate of counting may be 
taken to be about 20 counts per min¬ 
ute. In general, unless special precau¬ 
tions are taken, something like 10 per 
cent of the particles from a given 
source will actually enter the counter 
and hence it may be supposed that a 
quantity of radioactive material emit¬ 
ting particles at the rate of approxi¬ 
mately 200 per minute, or about 4 per 
second, is the smallest amount that 
can be measured satisfactorily. 

17 34. Consequently, the expression i 
in equation (17.1) mav be set equal to 
4 per second, and the resulting value 
of N, that is, 

a j _ = 6 T atoms, (17.2) 

0.693 

then gives, roughly, the minimum 
number of radioactive atoms, having a 
half life of T seconds, which can be 
conveniently detected. In order to see 
what this quantity implies in grams ot 
the isotope, the result given by equa¬ 
tion (17.2) should be multiplied y | 
the mass number A, and divided y 
the Avogadro number, o 
(S 1.56). In this manner it is found 
that the minimum weight, of a radio- | 
active species capable of detection 
can be expressed in the following up- 
proximate form: 

Minimum detectable weight 
= 10 ~™TA gram. 

The smallest mass of a particular , 
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radionuclide which can be used in a 
tracer experiment is thus proportional 
to its half life and to ds mass num¬ 
ber The shorter the half life and the 
lower the mass number the smaller 
will be the minimum weight suitabl 
for convenient detection. 

17.35. The general order oi magni¬ 
tude of these minimum weights may 
be seen by considering two species 
which have been widely used as trac¬ 
ers namely, carbon-14, which has a 
long life, and phosphorus-32, with a 
relatively short life. The half life , T 
, of radiocarbon C“ is about 5600 
years, i.e., 1.8 X 10 11 seconds, the 
mass number A is 14 , and so the min¬ 
imum detectable weight of this isotope 
found from equation (17.3) to be 
close to 2 X 10- 11 gram. Tor 14.3-cU> 
paz 0 n the other hand, the half life 
L roughly 1.3 X 10 w seconds and 
the mass number A is 32, so that tie 
smallest weight which could be con- 
' vMiiently measured i n an mmzatm 
counter is about 4 X 10- lfi gram. It 
1 is evident, therefore, that extreme v 
' small amounts of a radioactive tracer, 
which are much too small for observa¬ 
tion in any other way, can be detected 
by means of a suitable particle 

17^36- The material used for tracer 
work rarely, if ever, consists of the 
pure radioisotope. The required n 
elide can usually be freed from other 
elements, but separation from sta > 
isotopes of the same element is m 
most cases a matter of great difficulty. 
The proportion of the active species 
is frequently expressed m terms o 
the specific activity of the materir , 
defined as the ratio of the number of 
atoms of the given radioactive isotop* 
to the total number ot atoms of he 
same element. The specific activity 
as defined in this manner, is thus the 
fraction of the given element that is 


521 


The Uses of Isotopes and Radiations 


present in the form of the particular 
radioisotope. In order to avoid un¬ 
desirable addition of large amounts of 
stable nuclides to a system under in¬ 
vestigation, attempts are made to have 
the specific activity as high as con¬ 
venient, especially in metabolic stud¬ 
ies with small animals. 

17.37. For practical purposes, an¬ 
other quantity, also called the specific 
activity,* is used to express the rate 
at which unit weight of radioactive 
material decays or, in other words, to 
indicate the rate at which it emits 
charged particles. Since the detection 
of the radionuclide depends on these 
particles, this form of the specific ac¬ 
tivity gives a more useful practical 
indication of the amount of the tracer 
element present in a particular speci¬ 
men. In order to understand the al¬ 
ternative definition it is necessary to 
consider the unit called the curie, 
which is frequently encountered in 
radioactive studies. At the present 
time the curie is defined as the quan¬ 
tity of any radioactive material giving 
3.70 X 10 10 disintegrations per sec- 
ond.f Two subsidiary units, repre¬ 
senting smaller amounts of active ma¬ 
terial are the millicurie, which is a 
one-thousandth part of a curie and a 
microcurie, representing a one-mil¬ 
lionth of a curie; these would corre¬ 
spond to amounts of active material 
producing 3.7 X 10 7 and 3.7 X 10 4 dis¬ 


integrations per second, respectively. 
The specific activity of a given sub¬ 
stance is then expressed as the num¬ 
ber of curies (or millicuries) per gram 
(or per milligram) of the element 
present, the weight to include both ac¬ 
tive and stable isotopes. On this basis, 
the specific activity of pure elemental 
radium is 1 curie per gram. 

17.38. The use of the specific activ¬ 
ity may be illustrated by reference to 
an example. In the Radioisotope Cat¬ 
alog issued by the Isotopes Division 
of the U. S. Atomic Energy Commis¬ 
sion, it will be seen that P 32 is avail¬ 
able as a product having a specific ac¬ 
tivity of 50 millicuries per gram. This 
means that for every gram of total 
phosphorus in the material there are 
50 X 3.7 X 10 7 = 1.85 X 10 9 disinte¬ 
grations taking place per secqnd, so 
that 1.85 X 10° beta particles are ex¬ 
pelled per second. Since an emission of 
4 particles per second can be detected 
conveniently, a quantity of this ma¬ 
terial containing 1 gram of total 
phosphorus would go a long way in 
performing tracer experiments^ 

17.39. In order to determine the 
specific activity of a- particular prod¬ 
uct according to the definition just 
given, use may be made of equation 
(17.1). If N is taken as the number of 
atoms in 1 gram of a radionuclide, i.e., 
the Avogadro number, 6.02 X 10 23 , 
divided by the mass number A, then 


* It is unfortunate that the same term is used for the two quantities, which are quite dif¬ 
ferent, although they are related to one another. Some writers use the two indiscriminately, 
relying upon the units to distinguish them. 

t At the Radiology Congress held in Brussels in 1910, it was decided to give the name 
“curie” to the quantity of radium emanation (radon) in equilibrium with 1 gram of radium. 
In 1930, however, the International Radium Standard Commission extended the definition, 
bo that the curie became the equilibrium quantity of any decay product of radium. Since 
1 gram of radium undergoes about 3.7 X 10 10 disintegrations per second, the definition of 
the curie in the text came into general, but unofficial, use. In 1948, the Committee on Stand¬ 
ards and Units of Radioactivity of the National Research Council (United States) recom¬ 
mended that this definition of the curie be made official. At the same time, the Committee 
favored the adoption of the proposal made by E. U. Condon and L. F. Curtiss of the U. S. 
National Bureau^of Standards in 1946, that the term “mtherford” be used to designate a 
quantity of radioactive material giving 10" disintegrations per second. In spite of tne con¬ 
venience of this latter unit, there seems to be little inclination for its adoption as an alter¬ 
native to the curio. 
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this equation gives the rate of dis¬ 
integration of 1 gram of the pure iso¬ 
tope; thus, replacing N by 6.02 X 
10 33 M, it follows that 

Rate of disintegration per gram of 

, 0.693 X 6.02 X 10 23 m a\ 

nuclide =-^ v > 

Upon dividing this by 3.7 X 10 10 , and 
expressing the half life T in seconds, 
the result is the specific activity in 
curies per gram of the pure isotope; 
thus, making the appropriate calcula¬ 
tion, it is found that 

Specific activity of pure nuclide = 

1.13 X W 3 cur i es per gram. (17.5) 
TA 

The specific activity in curies per 
gram of the pure nuclide is seen to be 
inversely proportional to both the 
half life and the mass number. 

17.40. To return to the particular 
case of phosphorus-32, for which the 
mass number A is 32 and the half life 
T is 1.3 X 10 6 seconds, it is found 
from equation (17.5) that the specific 
activity of pure P 32 is 2.7 X 10 5 curies 
per gram/ The specimen referred to 
above has an activity of 50 milli- 
curies, that is 0.05 curie, per gram of 
phosphorus so that the actual weight 
of P 32 is 0.05/2.7 X 10 5 = 1.8 X 10 ' 7 
gram. Consequently, for each gram of 
total phosphorus, including both ac¬ 
tive and stable isotopes, there is pres¬ 
ent only 1.8 X 10 - 7 gram of P 32 . 
This extremely small quantity is 
nevertheless adequate for a consider¬ 
able amount of tracer work, since, as 
seen above, 4 X lO" 16 gram is suffi¬ 
cient for a single determination. The 
foregoing calculation has been pre- 


Chaj>. XVII 

sented in some detail, not only because 
it is the type of information often 
used in tracer work, but also because 
it indicates the minuteness of the 
amounts which can be employed. 

17.41. Although the weights of ra¬ 
dioactive tracer elements are quite 
small, it must be remembered that the 
number of atoms is nevertheless large; 

10 —t gram of phosphorus-32, ior ex¬ 
ample, contains about 10 1 ' 1 atoms. 
Since the radionuclide is made, as a 
general rule, by bombardment of the 
target nuclei with individual neutrons 
or deuterons, according to circum¬ 
stances, a considerable exposure to 
these particles is necessary to produce 
even a small amount, in weight, of a 
radioactive isotope, f Por this reason, 
it is frequently desirable to concen¬ 
trate the latter in order to increase the 
specific activity of the final material. 
If the product resulting from irradia¬ 
tion is a different element, that it 
has a different atomic number, from 
that of the target material, the prob¬ 
lem of separation is not too difficult. 
This will be the case for the few 
(n.-p) reactions, such as N ! 4 (w,p)C 14 , 
S 32 (n,p)P 32 and Cl“(n,p)S^ ( using 
slow neutrons, and for all reactions, 
except those of the (d,p) or 
type, involving deuterons. The con¬ 
centration can then be achieved by 
the methods of radiochemistry de¬ 
scribed earlier (§§5.29, 13.761; for 
example, precipitation with a small 
amount of a carrier, which might be a 
stable isotope if no suitable non iso¬ 
topic carrier could he found, extrac¬ 
tion by means of a solvent, volatiliza¬ 
tion, electrodeposition or displacement 
of one metal by another, and, finally, 
ion exchange. 
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*It should be noted that the specific ” f d P™ e ^ecRuse’ of^tf considerably 

inf,idont 

pmlirlrfl and the itoss action is Riven bv equation Ml, 7). 


523 


The Uses of Isotopes and Radiations 


17.42. As the majority of slow-neu- 
tron reactions are of the (n,y) type, 
the product is isotopic with the target 
material, and none of these separa¬ 
tion methods can be employed. There 
is, however, one interesting phenom¬ 
enon, discovered in England by 
L. Szilard and T. A. Chalmers in 1934, 
which has been utilized to some ex¬ 
tent to separate the radioactive prod¬ 
uct of an (n,y) reaction from the 
target material. The emission of the 
gamma-ray photon following the ab¬ 
sorption of a neutron causes the resid¬ 
ual nucleus to recoil, and the recoil en¬ 
ergy is often sufficient to break the , 
chemical bond attaching this partic¬ 
ular atom to the remainder of the 
molecule. The product atom, although 
isotopic with the target atom, will 
thus be in a different chemical form, 
and a separation from the original 
material becomes possible. For exam¬ 
ple, if an aqueous solution of sodium 
chlorate (NaC10 3 ) is subjected to the 
action of slow neutrons, the reaction 
Cl 37 (n,y) Cl 38 takes place, but many 
of the Cl 38 atoms formed are detached 
from the chlorate and pass into solu¬ 
tion as chloride ions/ By adding a 
small amount of inactive chloride to 
the solution and precipitating with 
silver nitrate, the resulting silver 
chloride is found to carry nearly the 
whole of the Cl 38 activity. Additional 
cases of similar behavior have been 
observed with other halogen deriva¬ 
tives, such as ethyl iodide, in which 
the effect was first observed by Szilard 
and Chalmers, and also with manga- 
nese and arsenic compounds. 

17.43. It is not certain that the sep¬ 
aration by recoil, accompanying the 
(n,y) process as described above, is 
effective under the conditions existing 
in the fission-chain reactor. Fortu¬ 
nately, the neutron flux in the nuclear 

♦This is nn example of a "hot atom 


reactor is so high that reasonably high 
activities can be obtained by direct 
irradiation with neutrons. In some 
cases, however, the exposure to neu¬ 
trons must be continued for a con¬ 
siderable time in order to obtain the 
desired specific activity. 

Synthesis of Labeled Compounds 

17.44. In much of the work in which 
an isotope is used as a tracer it is 
necessary to introduce the tracer ele¬ 
ment into a certain compound to be 
studied. Sometimes all that is being 
determined is either the path or the 
distribution of a particular element or 
compound in an organism. For exam¬ 
ple, it may be required to as.certaip 
the manner in which a particular ele¬ 
ment, such as phosphorus, is taken up 
by a plant. In cases of this kir^d, it is 
a relatively simple matter to prepare 
the desired compound containing a 
suitable proportion of the tracer iso¬ 
tope. However, in many biochemical 
investigations the object of the study 
is to determine the fate of different 
portions of a given compound;; it is 
then essential that the tracer atom be 
inserted in a definite position, thus 
labeling that part of the molecule. 
The preparation of labeled compounds 
has become an important aspect of 
tracer studies, and the methods used 
to introduce an isotopic atom at a 
particular point have required con¬ 
siderable ingenuity. 

17.45. Because of the possible radia¬ 
tion hazard, it is usual to work with 
quite small quantities in a closed, gas- 
tight system. If the nuclide being eml- 
ployed as the tracer has a short half 
life, the difficulties are increased. In 
some instances, months have been 
spent working with inactive material, 
developing a suitable technique which 
will permit a desired product contain- 


rraclion (P 10,122 footnote), 
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ing an active isotope to be prepared 
in” a few minutes. Where rapid syn¬ 
thetic procedures have not proved fea¬ 
sible, and a long-lived radioisotope is 
not available, the only alternative is 
to make use of a stable isotope as the 
tl" Sice!* 

17.46. Before the discovery of the 
long-lived C 14 , the only radioactive 
isotope of carbon suitable for tracer 
studies was the 20.4-min. C , yet 
organic chemists were able to prepare 
a number of compounds, with the ac¬ 
tive carbon atoms in precisely defined 
positions. The availability of carbon- 
14 has changed the situation, and al¬ 
though it is still necessary to work 
with very small quantities, the tune 
factor is no longer a limitation. At 
present, many labeled organic com¬ 
pounds can be purchased commercially 
by properly authorized laboratories. 

A few simple examples of synthesis 
will be outlined here to indicate the 
type of procedure adopted in the 
preparation of such compounds. Be¬ 
cause of the necessity for preventing 
loss of the active material, the various 
stages are chosen so as to give the 
highest possible yields of the prospec¬ 
tive products containing the radioac- 

tive carbon. . 

17.47. Consider, for simplicity, 
the familiar compound acetic acid, 
CH 3 COOH; it has been prepared in 
three isotopic forms, one with C 
labeling the methyl carbon atom, an¬ 
other with the carboxyl carbon la¬ 
beled, and a third with molecules m 
which both carbon atoms were tagged 
with the radioisotope. The action ot 
acid on barium carbonate containing 
Qii yields carbon dioxide; this can be 
reduced catalvtically to methanol, by 
means of hydrogen under pressure at 
a high temperature. Upon treating 
with phosphorus and iodine, methyl 
iodide is formed, which can bo con- 
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I verted into methyl cyanide (acetoni- 
trile) by ordinary sodium cyanide con- 
taining no radiocarbon; hydrolysis of 
the acetonitrile then produces acetic 
acid in which the methyl carbon is 
labeled- The series of reactions can be 
represented in the following manner, 

' an asterisk being used to mark the 
| position of the C 14 carbon atom: 

BaCOs -4 C0 2 - CH s OH -► CHJ -> 
CHsCN -4 CIBCOOH. 

17 4R. The action of potassium on a 
mixture of carbon dioxide and am¬ 
monia at 500°C yields potassium cy¬ 
anide; reaction with methyl iodide 
then gives acetonitrile, which can he 
converted into acetic acid as shown 
above. This series of processes may be 
used to prepare acetic acid with die 
C 14 in the carboxyl group; thus, 

C0 2 - KCN -> CHsCN - CH.COOH. 

If the labeled potassium cyanide is 
made to interact with labeled methyl 
iodide, the resulting acetonitrile has 
C 14 in both carbon positions. Upon 
hydrolysis, acetic acid is obtained in 
which both carbon atoms are labeled. 

17.49. Considerable use lias been 
made of syntheses with the Cnsman 
reagent, that is, alkyl (or aryl) m g- 
nesium halide, RMgX where Rmm 

alkyl or aryl group and X is a halogen. 
Reaction with isotopic carbon dioxide, 
followed by hydrolysis yields a car¬ 
boxylic acid containing labeled carbon 
in the carboxyl group; thus, where R 
is the methyl group, the result is 
acetic acid obtained as follows. 

CHsMgBr - lV • Cll.COOll. 

Other acids have been made in this 
manner and have been used to synthe- 
size a variety of compounds. 
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17.50. One further reaction is wor¬ 
thy of mention. By heating barium 
carbonate with magnesium, barium 
carbide is formed, and this with water 
produces acetylene. If the original car¬ 
bonate contained C 14 , then both car¬ 
bon atoms in the acetylene will be la¬ 
beled. The isotopic acetylene is a very 
useful starting material for a number 
of syntheses. With water, in the pres¬ 
ence of a catalyst, it gives acetalde¬ 
hyde which can be reduced to ethanol 
or oxidized to acetic acid, and so on. 
Acetaldehyde is also a convenient in¬ 
termediate for the preparation of the 
biologically important lactic and 
pyruvic acids. The action of ordinary 
potassium cyanide on labeled acetal¬ 
dehyde, to form the cyanhydrin, fol¬ 
lowed by hydrolysis, gives lactic acid, 
in the following manner: 

BaCO* -> BaC 2 CH=CH -> CH ;J C] 


17.51. If it is desired to label the 
carboxyl carbon, then the same gen¬ 
eral reaction may be used except that 
the C 14 is in the potassium cyanide; 
the latter is prepared from labeled 
carbon dioxide in the manner indicated 
above. The reaction stages are then 

CH 3 CHO -> CH : 1 CH(OH)CN -► 

CH a CH(OH)COOH. 

17.52. The method of biosynthesis , 
in which the synthesis of a desired 
organic compound is performed by a 
living organism, has been used for the 

( preparation of various labeled mole¬ 
cules. This procedure is likely to be 
developed considerably in the future 
for the production of biologically sig¬ 
nificant substances, hiicIi as hormones, 
vitamins, alkaloids and antibiotics, 


which either cannot be synthesized at 
all, or can be synthesized only with 
difficulty, by chemical methods. If a 
green plant is grown in the presence of 
carbon dioxide containing C 14 , the 
starch deposited is labeled with the 
isotope; acid hydrolysis then yields 
labeled glucose. This may be com¬ 
bined with unlabeled fructose, in the 
presence of a suitable enzyme, to yield 
sucrose in which only the glucose por¬ 
tion contains the C 14 isotope. Sucrose, 
in which both portions contain labeled 
carbon, can be extracted from sugar 
beets grown in the presence of radio¬ 
active carbon dioxide. 

17.53. Starting with carbon dioxide 
or glucose a large number of acids can 
be prepared by biosynthesis using 
various bacteria. Among the com¬ 
pounds obtained are formic, acetic, 


H»CH(()II)CN -> CH ;i CH(OII)C()()ir. 

propionic, butyric, valeric, and higher 
fatty acids, lactic and citric acids, and 
several ketoacids. In addition to sub¬ 
stances with labeled carbon several 
amino acids, in which the nitrogen lias 
a higher proportion of the stable N lft 
than normal, have been isolated from 
microorganisms grown in media con¬ 
taining excess of this isotope. 

17.54. Deuterium, the stable isotope 
of hydrogen, has been used in tracer 
work, quite frequently, as a means of 
labeling a carbon atom to which it is 
attached. In many instances synthesis 
of a molecule containing a particular 
marked carbon atom is difficult, but it 
may be possible to label the atom by 
replacing one or more of its associated 
hydrogen atoms by deuterium; Fur¬ 
ther i since deuterium is relatively 
cheap, in comparison witli the chemi¬ 
cally enriched, stable C 1!i , it may be 
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used ay a tracer for carbon where, for 
on e reason or another, tire employ - 
ment of radioactive C 14 is not feasible. 
Many deutero-com pounds have been 
prepared since 1932, when deuterium 
was first available in an enriched 
form. By acting on calcium carbide 
with heavy water, dideuteroacetylene, 
CuDii, can be obtained, and this can 
be the starting point for numerous 
syntheses. In addition, the catalytic 
reduction of carbon monoxide 01 
dioxide with deuterium gas yields 
tetradeuten mi ethanol, CDaOD. which 
can be converted into CD B I by means 
of phosphorus and iodine, thus pro¬ 
viding a useful method for labeling a 
methyl group. 

17,55. The addition of deuterium 
itself or of a deuterium derivative to 
a double bond of an unsaturated mole¬ 
cule is an obvious method for pre¬ 
paring deiitero-com pounds. This pro¬ 
cedure has been used to label fatty 
acids for the study of fat metabolism 
(§1769). Another possibility, which 
is sometimes practicable, is to make 
a direct exchange of a hydrogen atom 
for a deuterium atom in the presence 
of a suitable catalyst. A simple ex¬ 
ample is the partial conversion of 
ethylene {C 2 Hri into monodeutero- 
ethylene (C 2 H»D) by passing a mix¬ 
ture of ethylene and deuterium over 
a nickel catalyst at 120 C. The hy¬ 
drogen atoms in benzene or in a fatty 
acid may be replaced by deuterium in 
a similar manner. 

17.56. As an alternative to deu¬ 
terium, use can also be made of the 
radioactive isotope tritium. Although 
its beta radiation is very weak it can, 
nevertheless, be detected in smaller 
amounts than deuterium. Compounds 
labeled with tritium can be prepared 
by direct laboratory methods or they 
may be produced by biosynthesis, the 
organisms being supplied with water 
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containing an appreciable proportion 
of tritium Provided deuterium or tri¬ 
tium is used merely to label a carbon 
atom, the difference in reactivity from 
that of ordinary hydrogen, to which 
reference was made in § 17.17, is prob¬ 
ably of little significance. 

17,57. The fact that the exchange of 
one isotopic atom for another is some¬ 
times possible, points up the necessity 
for the exercise of caution in the per¬ 
formance of tracer experiments. The 
effect of isotopic exchange is most 
likely to be troublesome with deu¬ 
terium, especially if it is present in an 

_OP, —GOOD, or —NO* group, but 

it. may take place with other elements. 

If isotopic exchange does occur at an 
appreciable rate the results obtained 
may be completely misleading. Sup¬ 
pose, for example, the hydrogen atoms 
in the amino (—NH S ) group of an 
amino acid were replaced by deu¬ 
terium in the hopes of tracing theii 
chemical path for that of the nitrogen 
atom) in a living organism. As soon 
as the acid labeled in this manner 
passed into aqueous solution, there 
would be an exchange between the 
deuterium in the amino group and the 
hydrogen in the water. Consequently, 
the latter would automatically be 
found to contain deuterium, irrespec¬ 
tive of any role that might be played 
by the organism. If the possibility of 
exchange were not realized, the almost 
immediate appearance of deuterium in 
the water would lead to the erroneous 
conclusion that the organism rapidly 
oxidizes the hydrogen of the amino- 
group to form water. 

Isotopic Tracer Methods 

17.58. As already implied, several 
different types of tracer studies have 
been made with biological systems. A 
particular labeled compound may be 
supplied to an organism, and then the 
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distribution of the isotopic element 
may be investigated by studying the 
various portions of the body. For ex¬ 
ample, an animal may be fed an 
amino acid with nitrogen enriched in 
N 15 , and then the amounts present in 
several organs, such as the kidneys, 
liver, heart and lungs and in the blood, 
may be determined after the lapse of 
a certain time. This work can be car¬ 
ried a stage further, by a more de¬ 
tailed analysis which will reveal how 
much of the N 15 is present in the form 
of a particular amino acid in various 
parts of the organism. A search for 
intermediate compounds containing 
the isotopic tracer may throw light on 
the mechanism of the processes taking 
place. Similar observations can, of 
course, be made with green plants and 
with bacteria. 

17.59. When a stable isotope is used 
as the tracer, analysis is usually car¬ 
ried out by means of the mass spec¬ 
trometer, as stated in § 17.14, but with 
deuterium density measurements may 
be employed, thus simplifying the ex¬ 
perimental technique. The material 
containing the deuterium is burned in 
a current of oxygen and the resulting 
water is collected and its density de¬ 
termined. Since the density of heavy 
water is about 10 per cent greater than 
that of ordinary water, the presence 
of a very small excess of deuterium 
can be detected. Satisfactory measure¬ 
ments can be made with less than 0.1 
gram, but this quantity, although not 
large, is much more than is necessary 
for the detection of a radioisotope. 

17.60. The use of a radioactive 
[tracer in biological investigations of¬ 
fers certain advantages with regard 
[to the localization of Hie active mate¬ 


rial. For example, a small quantity of 
radiosodium, as the chloride, may be 
injected at one point of the body and 
the time taken to reach another point 
can be determined by placing a Geiger 
counter in the latter position. In this 
way, it was found that sodium in¬ 
jected intravenously in one arm ap¬ 
peared in the sweat of the other arm 
within 75 seconds.* Another illustra¬ 
tion of a similar type is associated 
with the use of radioiodine for the 
treatment of hyperthyroidism, to 
which reference will be made in 
§ 17.87. The amount of radioactive 
material accumulated in the thyroid 
gland can be estimated by means of an 
external counter placed in the close 
vicinity of the gland. 

17.61. Greater precision in the lo¬ 
calization of radioactive material, al¬ 
though on a much smaller scale, has 
been achieved by means of what has 
been called radioautography .f This 
technique makes use of the influence 
on a photographic emulsion of the 
radiations from radioactive bodies dis¬ 
covered by Becquerel (§ 2.98) » The 
effects observed by the latter were the 
first crude examples- of radioauto¬ 
graphs, in which a radioactive sub¬ 
stance is made, in a sense, to record 
its own photograph. Some early obser¬ 
vations on the distribution of radio¬ 
active elements in biological material 
by utilizing the photographic activity, 
were made in France in 1904, by E. S. 
London, and later, in 1922, by A. Kot- 
zareff. But the modern developments 
stem essentially from the experiments 
of the French biologists A. Lacassagnel 
and J. Lattes, reported in 1924, on the 
distribution of the radioelement polo¬ 
nium injected into various organs. 


Calculation* hnned on pxporimentii of Hip movement of radiosodium in the body indicate 
that m fin avnaap mm It Hump is a diffusion of sodium ion* emiivalent to about 60 Ibn. of 
•odium eh lor id# (nit) Btr <Uv. bark and forth. Ihrouich the wnlb of the blood vcNsola. 

T J ne name autnromftgrafiny Han also hern niter) hy pomp writers. 
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Thin sections of the organ, such as are 
used for histological study under the 
microscope, were placed in contact 
with a photographic plate which was 
later developed. The regions in which 
the plate was blackened represented 
the areas where the polonium had been 
concentrated. 


Chop. XVII 

required, thicker material may he 
used; thus, Fig. 17.1 is a reversed rn- 
dioautograph or a <’ r 

leaves taken from a plant, winch had 
been placed in a solution containing 
a small amount, of rndinphnsphorus. 
The lighter parts here represent higher 
concentrations of the radioactive iso- 



Fig. 17.1. Reversed radioautograph due to radioac¬ 
tive phosphorus taken up by tomato plant (P. K. btout 
and P. fi. Hoagltindt. 


17.62. In recent years the radioauto- 
graphie technique has been greatly 
improved so that it is now a highly 
valuable tool in biological research. 
Good definition is obtained by the use 
of thin sections of the material being 
examined, in conjunction with a fast, 
fine-grained photographic emulsion. 
Where such high resolution is not 


tope, and since the distribution is 
probably the same for the stable iso- 
tope, it is seen that phosphorus tends 
to concentrate in the stem and in the 
conducting system of the leaves. 
Anions the many applications of the 
radio autographic method, mention 
may be made of the study of the dis¬ 
tribution nf natural radioelementa 
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and of phosphorus in body tissues, of iodine in the thyroid gland, and of 
carbon, phosphorus, yttrium, cerium, carbon and phosphorus in plants, 
strontium and plutonium in bone, of 

APPLICATIONS OF ISOTOPIC TRACERS 


Dynamic State of Body 
Constituents 

17.63. During recent years, particu¬ 
larly since 1945, several thousand re¬ 
ports have been published on the use 
of isotopes for the study of problems 
in various areas of science and in¬ 
dustry. Much of the work, especially 
that in biology and chemistry, is 
highly technical in nature, and a de¬ 
tailed knowledge of these subjects is 
necessary for an adequate comprehen¬ 
sion of the significance of the results 
obtained. In brief, it may be stated 
that one of the main purposes of the 
use of isotopic tracers in biological 
studies is to secure information that 
will make possible a better under¬ 
standing of the many complex proc¬ 
esses which take place in living or¬ 
ganisms. In chemistry, isotopes are 
being used to throw light on the prob¬ 
lems of reaction mechanism, and in 
industry radioactive tracers are play¬ 
ing a part in a variety of processes. 
Although isotopic tracing is essen¬ 
tially a new tool, which may be ex¬ 
pected to prove extremely useful in 
the future, many important results 
have already been obtained by its use; 
some of the more interesting and more 
significant, which do not require de¬ 
tailed technical explanation, will be 
described below. 

17.64. In the opinion of many biolo¬ 
gists, probably the most outstanding 
contribution to the understanding of 
life processes to come from the use of 
isotopes is that made in the United 
States since 1938, by R, Sehoonheiiner 


and D. Rittenberg and their associ¬ 
ates. Prior to this time, it had been 
universally believed that degradative 
changes in the living animal took 
place slowly, the purpose of food be¬ 
ing largely to supply the currently re¬ 
quired energy, while a small propor¬ 
tion went to replace worn out tissue. 
As a result of experiments carried out 
with the aid of deuterium and stable 
nitrogen-15 as tracers, this long-estab¬ 
lished concept of an essentially static 
or dormant state of the organism has 
been shown to be entirely wrong. The 
present view is that there exists, as 
Schoenheimer has called it, “a dy¬ 
namic state of the body constituents,” 
in which there is a continual inter¬ 
change between the fats, proteins and 
carbohydrates already present in the 
animal body and those ingested in the 
form of food. 

17.65. Linseed oil, which contains 
fats derived from doubly and triply 
unsaturated acids,* was partially “hy 7 
drogenated” by means of deuterium, 
so as to yield a mixture of both sat¬ 
urated and slightly unsaturated fats, 
in which two or four of the hydrogen 
atoms attached to carbon were re¬ 
placed by deuterium. The resulting 
deutero-fats, labeled in this manner, 
were fed to animals, and the surprising 
fact was observed that only a small 
proportion of the deuterium was ex-^ 
creted for several days. The major 
part of the deuterium was found to 
have been deposited in the fatty por¬ 
tions of the body. Even when the diet 
was very deficient in fat, and the total 


*Thene uni hchIm with I wo nnd Hirer double ImuhIh, renpeHivrly. 
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calorie supply was inadequate, so that 
the animal was drawing upon its re¬ 
serves, the deutero-fat was mainly 
stored and not put to immediate use, 
as might have been expected. Obvi¬ 
ously the view that the organism was 
in a more or less static state, using 
such food as was needed and storing 
the remainder, if any, was unsound. 

17.66. After the natural diet ot the 
animals had been resumed, the labeled 
fats were found to disappear gradu¬ 
ally, the deuterium leaving the body 
in the form of water. However, if the 
water included in the normal diet ot 
other animals was enriched m heavy 
water, so as to maintain a constant 
level of deuterium in the body fluids, 
the stored fat was found to gam deu¬ 
terium at the same rate as it was lost 
by the animals which had previously 
been fed the d cut era-fats. These re¬ 
sults indicated that reversible (dy¬ 
namic! equilibria, involving tats and 
water, occur in the living organism. 
The saturated fats are “desaturated 
by the removal of hydrogen (or deu¬ 
terium) and at the same time the mi¬ 
cturated fats are “saturated by the 
addition of hydrogen (or deutenun ) 
from water. . , , 

17 67 Further investigations showed 

that it was only the singly unsaturated 
fats which could take part m this 
equilibrium. The more highly unsatu- 
rated fats, sueli as those derived from 
linoleic and linolenic acids, could not 
he saturated, neither could th 
formed by removal of hydrogen rio 
saturated fats in the body. This con¬ 
clusion. reached unequivocally by la¬ 
beling the various fats with deuterium 
and tracing their behavior m the an- 
ina], confirmed the opinion held bv 
nutritionists that the high y “ 

rated fats are “indispensable, in the 
sense that they must he supplied 
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the diet, the body being unable to 

synthesize them. . . 

17.68. In the continuation of then 
studies on animal metabolism, Sehoen- 
heimer and Rittenberg prepared a 
i number of amino acids m winch the 
nitrogen atom of the amino 
group was labeled with the . > - 

tope. Among the many interesting ob¬ 
servations which were made after add¬ 
ing a labeled acid to the diet of an 
animal was the following: nearly all 
the amino acids isolated from the tis¬ 
sue protein contained N ", but the 
concentration was greatest in the ac 
corresponding to the one which had 

been included in the diet. H vou 
I thus appear, first, that the dietary 
amino acid is taken up directly and 
rapidly into the body protein and, 
second, that there is a biological trans¬ 
fer of nitrogen from one protein 
amino acid to another during metabo- 

'17 69. The latter conclusion implies 
a remarkable and unexpected state of 
affairs. The fact that the isotopic ni¬ 
trogen appears in the “indispensable 
amino acids, such as leucine and hist - 
dine, which the animal body is unable 
to synthesize, shows that the presence 
of N 15 is not due to a complete orea*.- 
down of the labeled amino acid, fol¬ 
lowed bv synthesis of another. This 
was confirmed by labeling the carbon 
chain of dietary leucine by means of 
deuterium, in addition to marking i 
nitrogen by means of H , The leucine 
extracted from the resulting tissue pro¬ 
tein was found to have lost some of 
its isotopic nitrogen, as a result o 
exchange with other amino acids, but 
the proportion of deuterium remained 
unchanged, showing that the carbon 
chain remained unbroken. The exac t 
i mechanism of the nitrogen exchange 
I between the amino acids is not clearly 
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understood, but several different proc¬ 
esses are possible. 

17.70. As a consequence of the ni¬ 
trogen-transfer reactions, the nitrogen 
fed to an animal in the form of one 
amino acid should eventually be dis¬ 
tributed among all those present in 
the body protein. There is, however, 
one exception to the rule: the indis¬ 
pensable amino acid lysine does not 
seem to be able to take part in this 
exchange of the amino groups. In¬ 
cidentally, lysine is also known to be 
unique in another respect: unlike the 
other indispensable acids, it cannot 
be replaced in the diet by the corre¬ 
sponding alpha-hydroxy acid. These 
two properties of lysine are undoubt¬ 
edly related. 

17.71. For many years, since 1905 
in fact, it had been widely agreed 
among physiologists that a distinction 
could be made between “endogenous” 
and “exogenous” nitrogen of the diet; 
the former was supposed to represent 
the amount of protein required to re¬ 
place worn out tissue protein, and the 
latter that utilized to supply energy. 
The proof that body proteins are in a 
dynamic state, undergoing continual 
exchange with amino acids of the diet 
and also among themselves, renders 
untenable the concept of endogenous 
and exogenous nitrogen. 

17.72. It is of interest, in this con¬ 
nection, to refer to the nitrogenous 
compound creatinine, an approxi¬ 
mately constant amount of which is 
excreted daily in the urine. This was 
regarded as a measure of the endoge¬ 
nous nitrogen metabolism, because the 
quantity liberated by the body does 
not vary greatly with the protein con¬ 
sumption. Creatinine is the anhydride 
of the amino acid creatine, an impor¬ 
tant constituent- of animal tissue, and 
from experiments made in vitro, that 


is, outside the animal body, it ap¬ 
peared that creatinine and creatine 
could be reversibly converted into one 
another. But work with isotopic nitro¬ 
gen as tracer has shown that in the 
living organism, that is, in vivo, cre¬ 
atine is converted into creatinine, but 
the reverse is not possible. If labeled 
creatine is supplied to the animal, the 
creatinine in the urine is found to con¬ 
tain excess of N 15 , but if labeled cre¬ 
atinine is assimilated no isotopic ni¬ 
trogen appears in the creatine. With¬ 
out the use of an isotopic tracer, there 
seems no way in which this fact could 
have been established.' 

17.73. By labeling various dietary 
amino acids with both isotopic :nitro>- 
gen and deuterium it has been shown, 
further, that the formation of creatine 
in the body requires contributions 
from three amino acids, namely, gly¬ 
cine, arginine and methionine. The 
creatine is produced in this manner, 
and is converted into creatinine, at a 
fairly steady rate. This accounts for 
the observation, which was misinter¬ 
preted, as indicated above, that there 
is an approximately constant excre¬ 
tion of creatinine independent of the 
amount of the dietary protein. 

17.74. The problems associated with 
the metabolism of the three energy- 
providing constituents of the diet, 
namely, carbohydrates, fats and pro¬ 
teins, are extremely complicated. 
Phosphorus is known to have a role 
in the utilization of both carbohy¬ 
drates and fats, and much work has 
already been done with radioactive 
P S2 for the purpose of elucidating the 
mechanism of metabolic processes 
taking place in the animal organism. 
Both stable and radioactive carbon 
isotopes have been used as tracers in 
the investigation of the manner in 
which the onorgy of carbohydrates be- 
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comes available. As seen above, stable 
N 1S , in the absence of a suitable ra¬ 
dioisotope of nitrogen, is being applied 
to the study of proteins, and deute¬ 
rium is proving a valuable tool in the 
investigation of fat metabolism. 

17.75. Because of the complex na¬ 
ture of the subject it is difficult to pro¬ 
vide a general summary of the con¬ 
clusions reached so far, but attention 
may be called to the significance of 
the dynamic state of the body con¬ 
stituents as established by isotopic 
tracer experiments. The fact that 
there is a continual exchange between 
the elements supplied in the diet and 
those already present in the animal, 
means that the atoms of the body are 
undergoing continual replacement. 
This exchange extends even to the 
phosphorus, and probably also to the 
calcium, in the accessible portions of 
the bones, so that the body undergoes 
virtually complete renewal in the 
course of time. The element iron seems 
to he an exception to the general be¬ 
havior, as will he seen in the next sec¬ 
tion. 

Tracer Studies of Blood 

17.76. Some of the most valuable 
information in the biological held has 
come from investigations made in the 
United States with the isotopes of 
iron. As just indicated, this element 
differs from other elements in the re¬ 
spect that iron supplied in the food, 
or injected into the animal, does not 
exchange to any appreciable extent 
with iron already present in the body. 
From observations on the feeding of 
iron labeled with radioactive Fe B0 to 
normal animals it appeared that very 
little of the iron found its way into 
the blood, where most of the iron in 
the body occurs as hemoglobin, the 
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coloring matter of the red corpuscles 
(erythrocytes). In animals depleted of 
iron, however, a larger proportion of 
this element is absorbed. Shortly after 
the loss of blood, iron is not absorbed 
even though there is a deficiency of 
hemoglobin; but, in due course, as the 
hemoglobin is replaced by drawing 
upon the animal’s store of iron, there 
is considerable absorption of iron from 
the food. Similarly, it has been shown 
that in cases of pernicious anemia iron 
is absorbed only after the reserves 
have been depleted by the administra¬ 
tion of liver extract. 

17.77. The extent to which iron is 
taken up evidently depends on the 
state of the reserves of the element in 
the body. The view generally held at 
the present time, based largely on 
studies with radioactive iron as a 
tracer, is that iron is stored in the 
body in the form of an iron-protein 
combination known as ferritin. When 
the stoTC of ferritin lias attained its 
normal value, it does not increase fur¬ 
ther. no matter how- much iron may 
he supplied orally. However, if for 
some reason the iron reserves are 
drawn upon, so that the amount of 
ferritin is decreased, the body is able 
once more to absorb iron. 

17,78* The remarkable fact about 
iron, which makes its behavior so dif¬ 
ferent from that of the other body ele¬ 
ments, is that it is utilized over and 
over again. By employing radioiron as 
tracer, it has been found that iron re¬ 
mains in the hemoglobin as long as 
the red blood-corpuscles are intact. 
But when the corpuscles are destroyed 
the iron is not lost; it is almost wholly 
retained in the body, and is rapidly 
incorporated into the hemoglobin of 
new red corpuscles. It is this phenome- 
| non which accounts for the small ah- 
| sorption of iron from the food under 
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normal conditions,* and the absence 
of exchange between administered 
and stored forms of the element. 

17.79. The stability of the iron in 
the red corpuscles has led to the de¬ 
velopment of a method for deter¬ 
mining the total amount of red cells 
in the blood. A small quantity of iron, 
containing some Fe 59 , is supplied to an 
animal under such conditions that the 
element is absorbed and forms hemo¬ 
globin. Some of the red corpuscles, la¬ 
beled in the hemoglobin, are with¬ 
drawn and injected into the subject. 
As there is no appreciable exchange 
of iron, all the Fe fl9 in the injected 
blood remains in the system. By com¬ 
paring the radioactivity of the red 
cells in the subject’s blood, after time 
has been allowed for thorough circula¬ 
tion, with that of the injected cells 
the extent of dilution can be calcu¬ 
lated. If the quantity of red cells in¬ 
jected is known, the total amount in 
the subject can be determined by pro¬ 
portion. A simpler procedure than that 
just described is to take a sample 
of the patient’s blood and label the 
red cells with chromium-51 (half life 
27.8 days) by adding sodium chro¬ 
mate outside the body. The labeled 
red cells are then separated and a 
known amount injected into the pa¬ 
tient for the dilution study. The same 
general (dilution) principles can be 
used to determine the total blood 
volume of the patient, by injecting a 
known volume of labeled blood. 

17.80. One way of determining the 
average life of the red corpuscles of 
the blood is to make use of the stable 
N ln isotope of nitrogen. Hemoglobin, 
which plays a vital part in the trans¬ 
port of oxygen in the body, is itself a ! 


combination of two units: one is the 
red pigment called hemin, and the 
other is a protein, known as globin. 
In hemin the element iron is present 
in association with a nitrogen-con¬ 
taining molecule, belonging to the 
group of complex compounds referred 
to as porphyrins. From experiments 
made with animals which had been 
fed the simple amino acid glycine la¬ 
beled with N 15 , it was known that this 
substance is an important source of 
the nitrogen in the porphyrin, and 
hence in the hemin of the red corpus¬ 
cles. In a continuation of this study, 
labeled glycine was fed to a human 
adult for three days; samples of blood 
were withdrawn, from time to * time, 
during the ensuing months. The crys¬ 
talline hemin was extracted from the 
blood, and its N 15 content determined 
by means of a mass spectrometer. 

17.81. It was observed that the 
amount of N 15 in the hemin increased 
steadily for about 25 days after feed¬ 
ing of the labeled glycine had ceased; 
it then remained fairly constant for 
the succeeding 80 days or so, ; after 
which it declined steadily. The inter¬ 
pretation of these results is as follows. 
The glycine, after ingestion, is rapidly. 
stored in the body, as is known to be 
the case from other experiments. 
During the course of some 25 days it 
is gradually released to form hfcmin, 
which in combination with globin,' pro¬ 
duces the hemoglobin of the red 
blood-corpuscles. Since the N 15 con¬ 
tent then remains the same for some 
time, it is evident that the hemin con-. 
tained in these corpuscles is not con-' 
tinuously broken down and rebuilt. 
Once it lias formed it lias a fairly 
definite life span, estimated, from the 


Mil preguuiicy tu during the period oi rapid growth, when the totnl amount, of hemo- 
Blobin in the body Is increasing, the ferritin reserve is being drawn upon continuously and 
tt must, of course, lie replucod by absorption of iron from the food, 
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change in the amount of isotopic ni¬ 
trogen, to be about 1.27 clays. At this 
age, a red corpuscle apparently dis¬ 
integrates, releasing the hemin, which 
then breaks up into iron and the ni¬ 
trogen-containing porphyrin. As seen 
above, the iron is reutiliaed, combining 
to form more hemin, but the porphyrin 
part passes out of the body, as is 
shown by the steady decline in the 
proportion of N« in the blood. 

17.82. A notable practical apphca- 
tion of isotopes in connection with the 
study of the characteristics of blood 
for transfusions makes use of both 
Fe rifl and Fe so isotopes. The blood 
volume of the recipient, before trans¬ 
fusion, is first determined by intro¬ 
ducing a small quantity of red ceils 
labeled with Fe 59 , as explained above. 
Transfusions of whole blood including 
red cells labeled with Fe 55 are then 
given Since the two radioactive iso¬ 
topes have different half lives, they 
can be determined separately In the 
blood of the recipient. In this way, 
the fate of the transferred blood can 
be followed through the behavior ot 
the Fe 55 , while the concentration of 
Fe 59 gives the effective blood volume. 
As a result of the knowledge obtained 
in this manner, valuable advances 
have been made in the storage ol 

blood. . . , 

17.83. The foregoing discussion has 
referred particularly to the red corpus¬ 
cles of the blood. But the study ot 
other constituents of the blood by 
means of radioisotopes has not been 
neglected. Radiophosphorus has been 
employed in experiments on the com¬ 
plex substances known as phospho¬ 
lipids and nucleic acids which are 
present in both the plasma and the red 
cells, and aiso to study the behavior 
of the white cells in blood transfusion. 
In addition, this radioactive isotope 
has been used for therapeutic purposes 
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| in the treatment of blood diseases, as 
will be seen in § 17.89. Thus, at least 
three radioisotopes and one stable iso¬ 
tope have contributed to an under- 
| standing of the behavior of the blood 
in the animal body; most of the re¬ 
sults could not have been obtained 
without the use of these isotopic trac¬ 
ers. 

Applications of Radioisotopes 
in Medicine 

17 84. Several instances have been 
reported of the use of radioisotopes 
both as diagnostic tools and for thera¬ 
peutic purposes. The former arc more 
common, in medicine, for only very 
small amounts of the active material 
are needed. One example of this type 
of application is provided by the em¬ 
ployment of radiosodium to diagnose 
cases of restricted circulation of the 
blood. A small quantity of sodium 
chloride solution, in which the sodium 
has been labeled with Na 24 , is injected 
into a vein of the patient’s forearm, 
a G-M counter is then placed m con¬ 
tact with one of the feet. If the blood 
circulation is normal, the presence ot 
radioactivity is very soon detected in 
the foot; it increases rapidly and 
reaches a maximum value within less 
than an hour. If there is a circulatory 
impairment of some kind, however, 
the radioactivity wfill increase slowly, 
showing that the blood has difficulty 
in reaching the foot. By moving the 
counter to different parts of the body 
I the position of the restriction can be 
located and the necessary treatment 
can be applied. 

17.85. A modification of this scheme 
has been proposed foT studying the 
pumping action of the heart. Labeled 
sodium "chloride is injected into the 
blood stream, as before, and a counter, 
attached to an automatic pen- 
rccordcr, is placed over the heart. As 
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the radiosodium enters the right side 
of the heart the pen of the recorder 
rises and then drops as the venous 
blood enters the lungs. A few seconds 
later, the radiosodium appears with 
the arterial blood on the left side of 
the heart and there is another rise 
and fall of the recording pen. By 
studying the nature of the resulting 
curves the pumping action of the two 
sides of the heart can be compared 
and abnormalities can be discovered. 

17.86. Most medical applications of 
radioisotopes, both diagnostic and 
therapeutic, depend on the property 
exhibited by certain elements of being 
preferentially absorbed at certain lo¬ 
cations. A relatively small preferential 
uptake is generally adequate for diag¬ 
nosis, but satisfactory therapy re¬ 
quires considerable activity to he con¬ 
centrated in the tissues or organ to be 
treated. It is necessary, therefore, that 
the latter should exhibit marked pref¬ 
erential absorption of the radioele¬ 
ment, in order that administration of 
dangerous quantities of radioactive 
material to the body as a whole may 
he avoided. 

17.87. Iodine, which is rapidly 
taken up hv the thyroid gland, pro¬ 
vides an instance of the use of a 
radioisotope for both diagnosis and 
therapy. A great deal of useful infor¬ 
mation concerning the functioning of 
the thyroid gland, and the storage in 
it of iodine as thyroxine, has resulted 
from experiments with radioiodine as 
tracer. But this aspect of the subject 
will not he considered here; the dis¬ 
cussion will he limited to the applica¬ 
tion of the results. In cases of hyper¬ 
thyroidism the thyroid gland is 
overactive, and the condition can be 
readily demonstrated and diagnosed 
following the. oral administration of 
small quantities of sodium iodide con¬ 
taining some radioiodino. The iodine, 
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including the radioisotope, concen¬ 
trates in the gland, as stated above, 
and this fact has been utilized in tho 
treatment of hyperthyroidism. The 
gamma radiations emitted by the 
radioiodine act like X-rays in causing 
a partial destruction, and hence a de¬ 
crease in the physiological activity, of 
the thyroid gland. Radioiodine ther¬ 
apy has consequently become recog¬ 
nized for the alleviation of certain 
cases of overactive thyroid, and suc¬ 
cessful results have been reported in 
a number of instances. The same 
treatment has proved beneficial in 
some, but not all, types of cancer of 
the thyroid gland. In the use of radio¬ 
iodine and of similar isotopes for 
therapeutic purposes, based on the 
ability of the radiations to destroy 
abnormal growths, very great precau¬ 
tions must, of course, he taken to 
avoid the possible serious conse¬ 
quences of overdosage. 

17.88. An exceptionally interesting 
diagnostic application of radioisotopes 
has been made in the study of brain 
tumors. The position of such tumors 
is not only difficult to determine from 
outside, but once located, the tumorous 
mass is not readily distinguishable 
from the normal tissue. In this connec¬ 
tion use is made of the fart, that the 
albumin from human blood can be 
labeled with iodine-131 and upon in¬ 
jection into the patient, the iodinated 
albumin is taken up preferentially by 
the undesired growth in the brain. 
Since the radioiodino emits , gamma 
rays, the position of the tumor can be 
found by mapping the exterior of the 
skull with a scintillation counter hav¬ 
ing highly directional properties. 

17.89. Radiophosphorus has found 
some application in the treatment of 
two diseases of the blood, both of 
which are fatal; these are leukemia, 
which is an overproduction of the 
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white corpuscles (leukocytes) of the 
blood, and polycythemia vera, charac¬ 
terized by an excess of red cells. Very 
frequently, sufferers from the latter 
disease develop the former, to which 
they succumb in a short time. Both 
types of blood corpuscles are formed 
in the hone marrow, which, inciden¬ 
tally, exhibits preferential absorption 
of phosphorus to a small extent. The 
oral ingestion of radioactive phos¬ 
phorus has, therefore, been used with 
some success, particularly in the treat¬ 
ment of polycythemia vera. The beta 
radiations emitted by the isotope, 
which has concentrated in the bone 
marrow, inhibit the excessive forma¬ 
tion of the red blood-cells. By the ad¬ 
ministration of small doses of radio- 
phosphorus at intervals, polycythemia 
can often be arrested, although not 
cured; however, this is regarded as the 
treatment of choice of many physi¬ 
cians for the disease. The radiophos- 
phorus therapy has not been success¬ 
ful with acute leukemia, although 
some improvement has been claimed 
in certain instances of chronic leu¬ 
kemia. 

17.90. For many years, both 
gamma rays from radium and X-rays 
have been used externally to inhibit 
the growth of malignant tissue in the 
treatment of cancer. Radium is veiy 
expensive because of its rarity, and 
it is not too satisfactory, because its 
decay products have undesirable ra¬ 
diation characteristics. Further, X-ray 
equipment capable of producing radia¬ 
tion of sufficient penetrating power, 
e.g., 1 Mev energyq is large and ex¬ 
pensive, Consequently, the radioactive 
isotope cobalt-60 with a half life, in its 
ground state, of 5.3 years, has been 
widely used in different ways as a 
substitute for radium and for X-rays. 
The active material is prepared by 
exposing either pure cobalt (Co 119 ) or 
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an alloy of cobalt and nickel to the 
neutrons in a reactor, so as to foim 
Co 60 by the («,y) reaction. The 5.3- 
year cobalt-60 emits gamma rays with 
energies of 1.17 and 1.32 Mev. Because 
it can be made relatively cheaply with 
a high specific activity, it has many 
advantages as a source of radiation for 
therapeutic purposes. The chief draw¬ 
back to rariiocobalt is its short life, 
although it can be reactivated by 
exposure in a reactor. As an alterna¬ 
tive to cobalt, interest is growing in 
the fission product cesium-137 (half 
life 30 years), the decay of which is 
accompanied by 0.66-Mev gamma ra¬ 
diation. Incidentally, the removal of 
this isotopo from reactor fuel residues 
will go a long way toward solving the 
problem of waste disposal (§ 15.113). 

17.91. Apart from diagnostic and 
therapeutic uses of isotopes and radia¬ 
tions in the held of medicine, there 
have been many applications in med¬ 
ical and biological research. Among 
these, mention may he made of the 
employment of tritium and carbon-14 
to study the suspected relationship be¬ 
tween cholesterol, found associated 
with fats in the diet, and the disease 
called arteriosclerosis (hardening of 
the arteries). The experiments have 
led to indications of a possible method 
for early diagnosis of the disease and 
are throwing light on the metabolism 
of cholesterol in the body. 

Photosynthesis 

17.92. In the study of plants, the 
most significant* fundamental problem 
which is being attacked with the aid 
of isotopic tracers is photosynthesis, 
that is, the ability to convert simple 
combinations of carbon, hydrogen and 
oxygen into complex, energy -contain¬ 
ing materials in the presence of sun¬ 
light It is well known that., in 
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sunlight, green plants are able to take 
in carbon dioxide and water and build 
them up into sugar, starch and cellu¬ 
lose, which fall into the general cate¬ 
gory of carbohydrates. At the same 
time oxygen gas is liberated by the 
plant. There is no doubt that the 
processes leading to the formation of 
carbohydrate and oxygen are very 
complicated, involving several inter¬ 
mediate stages, but the over-all action 
may be represented approximately by 
the equation 

zC0 2 + yR 2 0 + energy-- pbyll > 

where C^H 2y O y is the general for¬ 
mula for a carbohydrate, and the en¬ 
ergy is that of sunlight. It will be 
noted that chlorophyll, the green 
coloring matter of plants, is indicated 
as playing a part in the reaction. In 
the absence of chlorophyll, or possibly 
iome equivalent substance, photosyn¬ 
thesis cannot occur. 

17.93. Carbohydrates are important j 
because, as sugar, potato and grains 
of various kinds, they supply either 
directly or indirectly much of the food , 
energy of human beings. In addition, 
in the form of wood, or in the fossil¬ 
ized state as coal and oil, the carbo¬ 
hydrates are, at the present time, the 
main source of energy for heating and 
lighting, and for industrial use. It has 
been estimated that about 150 billion 
tons per annum of the element carbon 
are fixed in photosynthesis by plants 
On land and in the sea. This is equiva¬ 
lent to power production at an average 
fate of 1.6 X 10 11 kilowatts. In spite 
Of its already enormous value, the 
Onergy stored as a result of photo- 
lynthesis is actually a email propor¬ 
tion of the sun's energy falling on the 
earth. Quite apart, therefore, from 
P s own great intrinsic interest, an 


understanding of the mechanism of 
photosynthesis could lead to the pos¬ 
sibility of utilizing a larger fraction 
of the sun's almost limitless energy. 
This might be achieved either by find¬ 
ing the conditions under which green 
plants could store energy more effi¬ 
ciently or, ultimately, by devising 
means for performing photosynthesis 
without the aid of plants. 

17.94. Since 1771, when the famous 
English chemist J oseph Priestley 
found that air that had been vitiated 
by burning a candle could be restored, 
or T in modern scientific terms, carbon 
dioxide could be replaced by oxygen, 
by means of a green plant, the sub¬ 
ject of photosynthesis lias attracted 
the interest of investigators. Although 
numerous important facts had been 
discovered before 1940, these wei?e lim¬ 
ited to the study of the reacting spe¬ 
cies, namely, carbon dioxide, water, 
light and chlorophyll, on the one hand, 
and the products of photosynthesis, 
on the other hand. The study of the 
intermediate stages presented a vir¬ 
tually insuperable problem, until the 
advent of isotopes as a tool opened up 
new possibilities. Some preliminary 
observations were made in 1940, with 
the short-lived C 11 radioisotope of 
carbon, but the quantity obtainable 
by cyclotron bombardment was very 
small, and its rapid decay made ex¬ 
perimentation difficult. The availabil¬ 
ity of relatively large amounts of the 
radioactive 5600-year C 14 at a reason¬ 
able price has encouraged further 
studies, whose purpose is the interpre¬ 
tation of the mechanism of photosyn¬ 
thesis. 

17.95. One method of investigation 
is to permit simple plants, such as 
certain algae, to carry out photosyn¬ 
thesis, in the presence of light, with 
carbon dioxide containing a small pro¬ 
portion of radioactive carl>on-14. The 
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product formed after a period of time 
is then extracted and analyzed. By 
following the radioactivity, some indi¬ 
cation may be obtained of the path 
taken by the carbon in the complex 
photosynthetic process. Another ap- 1 
proach is based on the view, which has 
long been held by some biologists, that 
upon exposure to light the green plant 
interacts with water to liberate oxy¬ 
gen, and the chlorophyll forms an 
unstable intermediate compound con¬ 
taining active hydrogen. The subse¬ 
quent reaction of this intermediate 
with . carbon dioxide, leading ulti¬ 
mately to the formation of carbo- i 
hydrates, presumably does not require j 
the presence of light and can take 
place equally well in the dark. Conse¬ 
quently, algae suspended in water are 
first exposed to light for some time; 
they are then allowed to react m the 
dark with carbon dioxide containing 
radiocarbon. By making the period 
of this reaction very short, e.g., a few 
seconds, only a small number of com¬ 
pounds, presumed to be those formed 
in the earliest stages of photosynthe¬ 
sis, are obtained. Identification of the 
extremely minute quantities of these 
substances is facilitated by taking 
advantage of their radioactivity. 

17.96. It may be mentioned that 
some studies of the mechanism of 
photosynthesis have also been made 
by means of deuterium and tritium. 
As indicated in § 17.6, water and car¬ 
bon dioxide in which the oxygen was 
labeled with O 18 have been used to 
prove that the oxygen gas formed in 
photosynthesis originates almost en¬ 
tirely in the water, and not in the 
carbon dioxide. In view of the possi¬ 
bility that phosphorus compounds are 
involved as intermediates in photo¬ 
synthesis, radiophosphorus is also 
finding application in this important 
field of investigation. 
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Isotopic Tracers in Agriculture 

17.97. In the realm of agriculture, 
radioactive isotopes are being used to 
provide information which could not 
be secured in any other way. It is 
recognized as good fanning practice to 
apply phosphorus to the soil, but there 
are several types of phosphate ferti¬ 
lizers which can be used for this pur¬ 
pose, and it is not always obvious 
which is most effectively utilized by 
any given type of soil. Although it is 
possible to determine by ordinary 
chemical analysis the total amount of 
phosphorus taken up by a plant, there 
has, until recently, been no way of 
distinguishing between the phosphorus 
derived from the soil and that taken 
up from the added fertilizer. The use 
of radiophosphorus as a tracer permits 
the distinction to be made, and pro¬ 
vides a means of ascertaining the kind 
of phosphate which is best for a given 
soil and crop. 

17.98. The procedure adopted is to 
start with phosphoric acid containing 
a known proportion of the radioactive 
P 32 , and to convert this into a phos¬ 
phate, such as calcium superphos¬ 
phate, tricalcium phosphate or hy¬ 
droxyapatite, suitable for use as a 
fertilizer. A definite quantity of the 
labeled phophorus is then applied to 
the soil in which plants are grown. At 
certain intervals a number of these 
plants are harvested, and the total 
phosphorus, derived from both soil 
and fertilizer, is determined by chem¬ 
ical analysis of their ash. Assuming, 
as is very probable, that the plant 
does not distinguish between ordinary 
and radioactive phosphorus atoms in 
the fertilizer, the radioactivity of the 
plant ash. combined with the meas¬ 
ured specific activity ot the fertilize!', 
immediately gives the amount of phos¬ 
phorus which the plant takes up from 
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the latter. In this way the individual 
quantities derived from the soil and 
from the fertilizer can be estimated. 

17.99. Because experiments of this 
type, which depend on the growth of 
plants, require a considerable time, the 
data are being accumulated relatively 
slowly. Nevertheless, a number of in¬ 
teresting points have become appar¬ 
ent, and a few of them will be men¬ 
tioned here. The proportion of phos¬ 
phorus absorbed from a given soil 
and fertilizer depends on the nature of 
the plant and on the period of growth. 
Tobacco and corn, for example, both 
derive about 65 per cent of their phos¬ 
phorus from the fertilizer in the early 
stages of growth, but near maturity 
the proportion has dropped to 45 per 
cent for the former, and to only 15 
per cent for the latter. Evidently, in 
this particular, rather poor, soil, corn 
requires most of its phosphorus fer¬ 
tilizer at the beginning, and less to¬ 
ward the end of its growth. With 
potatoes on a similar soil, from 50 to 
60 per cent of the phosphorus uptake 
came from the fertilizer during the 
whole period of growth. 

17.100. The ratio of phosphorus de¬ 
rived from the soil to that obtained 
from the fertilizer varies with the type 
of soil, its phosphorus content, the 
amount of fertilizer added, and the 
nature of the crop being grown. In 
general, the higher the amount of 
phosphorus in the soil, the larger is 
the proportion which the plant obtains 
from this source. In greenhouse experi¬ 
ments made in Canada, in which 
wheat plants were grown in soil, to 
some of which ammonium phosphate 
was added as fertilizer, it was found 
that the plants actually took up more 
phosphorus from the soil in the pres¬ 
ence of the fertilizer than they did in 
its absence, 

17.101. A study of great interest. 


was made of the availability of phos¬ 
phorus in green manure. Wheat fer¬ 
tilized with labeled phosphate was 
grown as a green manure crop; it was 
then analyzed for its total phosphorus 
content and mixed with soil so as to 
give the equivalent of 65 pounds of 
phosphoric acid per acre. To another 
quantity of the soil was added an 
equal amount of phosphoric acid in 
the form of superphosphate, also 
labeled with the P 32 isotope. Rye grass 1 
was planted in both cases, and from 
the radioactivity of the crops it ap¬ 
peared that the green manure phos¬ 
phate is nearly as effective in supply¬ 
ing phosphorus to the plant as is 
superphosphate. 

17.102. The relationship between 
root growth and the uptake of phos¬ 
phorus from the soil has been investi¬ 
gated by placing fertilizer labeled with 
radiophosphorus at several depths and 
distances from growing plants. After 
various time intervals, the plants were 
harvested and analyzed for radiophos¬ 
phorus. The results provided informa¬ 
tion on the manner in which the 
phosphorus is taken up by the roots. 
With corn and certain other plants, 
for example, it was found that, as the 
plant develops, the root feeding system 
is below the usual depth at which 
phosphate fertilizer is placed in the 
soil. Hence, when the plant was begin¬ 
ning to mature it was getting no ad¬ 
vantage from the added phosphorus. 
Deeper location of the phosphate 
should give better yields of these 
plants. 

17.103. Radioisotopes have pro¬ 
vided a unique method for studying 
the feeding of plants through their 
leaves. It has been found, with radio¬ 
phosphorus as the tracer, that nutri¬ 
ents arc frequently absorbed much 
more readily from the leaves than 
through the root system. Absorption 
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can also take place through the fruit, 
twigs and even the flowers. 

17.104. Most of the tracer investi¬ 
gations relating to soil and plant 
growth have been performed hitherto 
with radiophosphorus. Some work has 
also been done with radioactive cal¬ 
cium as tracer in connection with the 
efficiency of the “liming” of soils. The 
difficulty here is that the only radio¬ 
calcium that can be employed is Ca 45 , 
with a half life of 180 days. Appre- I 
ciable radioactivity will thus persist 
in the soil for two or three years, or 
more. However, experiments in green¬ 
houses, with restricted amounts of 
soil, may be possible. 

17.105. Reference may also be 
made to the application of radioiron, 
in conjunction with radiophosphorus, 
for the purpose of determining the 
cause of chlorosis, that is, the inability 
of plants to form sufficient chlorophyll 
to maintain growth. It appears that, 
under certain conditions, phosphorus 
is able to block the entry of iron into 
the plant, this element being required 
for the proper formation of chloro¬ 
phyll. The discovery of a method for 
combating chlorosis would be of con¬ 
siderable economic significance. 

17.106. It has been known for many 
years that both animal and vegetable 
life are dependent on very minute 
quantities of certain elements, such 
as boron, cobalt, copper, manganese, 
molybdenum and zinc, called micro- 
nutrients A For example, cattle fed on 
forage containing less than four parts 
of cobalt in one hundred million of 
their diet will lose their appetite and 
actually starve to death although ade¬ 
quate pasture is accessible. Cobalt is 
also essential for other ruminants, 
such as sheep, but horses apparently 
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do not require this element in their 
diet. The difficulty associated with 
the study of micronutrients has been 
the problem of detecting the extremely 
small quantities of the different ele¬ 
ments, both in the diet and in the 
living animal. The advent of radio¬ 
active tracers has provided a means 
for overcoming this obstacle. The mi¬ 
nute amount of a micronutrient ele¬ 
ment can be readily detected by 
incorporating a radioactive isotope 
into the food. One of the facts ascer¬ 
tained, by means of cobalt-60, is that 
the traces of this element are required 
for the synthesis of vitamin Bi 2 . 

Industrial Applications 
of Isotopes 

17.107. Radioactive isotopes are 
finding applications in industry, both 
in research and in process control. 
Many of these applications, as will be 
seen below, are based on the use of the 
radiations emitted rather than on the 
atomic tracer characteristics of the 
isotopes. Because of the great variety 
of the ways in which radioisotopes 
have been employed in industry, it 
will not be possible here to do more 
than present some typical examples. 
Several of the applications, it will be 
noted, deal with surfaces and thin 
films, where the quantities of material 
involved are extremely small and 
where, consequently, radioactive 
tracers offer a distinct advantage. The 
subject of catalysis is of great impor¬ 
tance to the oil industry, and radio¬ 
carbon-14 is being used to label 
hydrocarbons undergoing catalytic 
reactions. A related process, also be¬ 
ing investigated with the aid of the 
same isotope, is the Fischer-Tropsch 


* Thrun are sometimes referred to as “trace elements, because minute traces only, Sener- 
•illv much less than 1 part per million, are necessary. In order to avoid confusion between 
“truce” and “tracer” elements, the term “micronutrients” favored by biologists, is used. 
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synthesis, which involves the passage 
of a mixture of carbon monoxide and 
hydrogen over an iron catalyst. The 
products include various hydrocarbons 
as well as a number of valuable oxy¬ 
genated compounds. The process has 
great possibilities, and a better under¬ 
standing of the reactions taking place 
may have important industrial conse¬ 
quences. Wetting, detergency, the 
flotation of minerals, adsorption and 
metallic corrosion are all examples of 
surface phenomena upon which re¬ 
searches are being performed with the 
aid of radioactive tracers. 


ferred from the piston can bo deluded 
by its radioautograph (§17.61); in 
this way the areas of greatest worn* 
are easily located. Improvcrnent.s in 
lubricating oils and in the composition 
of sliding surfaces so as to reduce fric¬ 
tion may be expected from experi¬ 
ments of this kind. 

17.109. In the metallurgical indus¬ 
try, radioactive isotopes are finding 
some interesting uses, in addition to 
the study of friction just mentioned. 
Metals, and particularly alloys of sev¬ 
eral elements, are frequently subjected 
to different treatments, such as age¬ 



Fig. 17.2 Radioautograph (A) and ordinary photomicrograph (B) 
nickel-chromium-tungsten alloy containing radioactive tungsten. 


of 


17.108. Efforts are being made to 
understand the mechanism of friction, 
another surface property of consider¬ 
able significance. One method being 
used is to expose a steel piston ring to 
the action of neutrons in a nuclear 
reactor, so that it becomes radio¬ 
active. This piston ring is fitted into 
the cylinder of an internal combustion 
engine which can then be operated, 
with suitable lubrication, in the ordi¬ 
nary way. By determining the radio¬ 
activity removed by the lubricating 
oil, the extent of wear of the piston 
ring can be studied. In addition, if a 
photographic film is placed against, the 
wallis of the cylinder, after running the 
engine, the radioactive material trans¬ 


hardening, annealing, quenching and 
cold rolling, and it is important to 
know what is happening to the various 
constituents in the course of the treat¬ 
ment. R adioactive isotopes of the 
metals provide a simple and effective 
tool for following the movements of 
the different species, for the radioac¬ 
tive atoms will behave in exactly the 
same way as the stable atoms of a 
given element. In Fig. 17.2 is shown 
a radioautograph (A) and an ordi¬ 
nary photomicrograph taken by re¬ 
flected light (B) of an alloy of nickel, 
chromium and tungsten to which a 
small amount of a radioactive tung¬ 
sten isotope was added. The dark por¬ 
tions in the radiunutngraph clearly 
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indicate the distribution of the tung¬ 
sten. 

17.110. The phenomenon of self¬ 
diffusion in a metal, that is, the move¬ 
ment of the atoms of a metal within 
the crystal lattice, is of interest in con¬ 
nection with the properties of metals 
under stress at high temperatures. 
Since it is not normally possible to 
follow the diffusion among identical 
atoms, there is no way, without the 
use of a radioactive tracer, to obtain 
experimental data on this subject. 
Now, a block of metal, such as copper, 
consisting of the stable isotopes, can 
have a layer of the same metal con¬ 
taining a radioisotope deposited on it, 
e.g., by electroplating. After subject¬ 
ing the block to heat treatment, stress, 
etc., successive thin layers are shaved 
off the surface and their activity meas¬ 
ured. In this way, the penetration or 
diffusion of the radioactive into the 
stable metal, which is the same as or¬ 
dinary self diffusion, can be deter¬ 
mined. 

17.111. Metallurgists have long 
been interested in the sulfur present 
in coal; some of this remains in the 
coke made from the coal, and a part 
ultimately finds its way into steel, 
where it is not desired. In one particu¬ 
lar instance it was required to know 
whether it was organic sulfur in the 
coal or inorganic sulfur, usually pres¬ 
ent as the mineral pyrite, which re¬ 
mained in the coke. The problem was 
readily solved by adding to the coal 
a small quantity of pyrite containing 
some radioactive sulfur, which could 
be traced into the coke. Since the 
stable and radioisotopes of sulfur in 
the pyrite behave alike chemically, 
the results provided the desired infor¬ 
mation. It was found that the propor¬ 
tion of organic to inorganic sulfur in 
the coke was the same as that in the 
coal from which it was made. 
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17.112. Another practical example 
of the use of radioisotopes in process 
metallurgy originated in the attempt 
to determine whether a fine powder of 
iron ore, obtained by concentration 
from a low-grade source, could be 
charged into a blast furnace or 
whether it would be blown out by the 
air blast. A quantity of the fine ore 
was exposed to neutrons in a reactor, 
so that it became radioactive. This 
was mixed with a large amount of the 
original fine ore and then with a differ¬ 
ent ore of a coarser type. After treat¬ 
ment in the blast furnace, the pig iron, 
slag and dust were examined for 
radioactivity. The results showed that 
60 per cent of the fine ore remained in 
the furnace as pig iron. Although this 
proportion was higher than expected, 
the loss was too large to be tolerated. 
The results showed that further stud¬ 
ies are needed to determine how to 
increase the retention of the fine 
material. 

17.113. It is well known that X-rays 
are used to investigate the interior of 
metallic castings without the necessity 
of destroying them. The source of the 
rays is placed on one side of the cast¬ 
ing and a photographic plate on the 
other side. The X-rays penetrate the 
metal, and affect the photographic 
emulsion; from the nature of the im¬ 
age obtained the presence of flaws or 
defects can be detected. The appara¬ 
tus required for the production of 
X-rays powerful enough to pass 
through a considerable thickness of 
metal is cumbersome and inconvenient 
to manipulate. In some instances, 
therefore, radioactive materials, e.g., 
radium, which emit highly penetrating 
gamma rays, have been used instead 
of X-rays. As seen in preceding chap¬ 
ters, the two types of radiation are 
essentially identical, the only possible 
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difference being in the wave length 
or energy. 

17.114. Instead of using radium, the 
process of radiography, as it is called, 
may be conveniently performed with 
a compact source of gamma rays, such 
as a specimen of Co 60 , described 
above. The advantage of Co 60 is that 
a form of any desired shape may be 
made of ordinary cobalt, or a cobalt- 
nickel alloy, and then irradiated with 
neutrons in a nuclear reactor. Fur¬ 
ther, it can be moved to locations not 
accessible to X-ray equipment. 

17.115. A number of such radiation 
sources with cobalt-60 have been used 
for industrial radiography, but there 
is increasing interest in the longer 
lived cesium-137, mentioned in 
§ 17.90. As a small and convenient 
portable source of radiation of moder¬ 
ate energy, suitable for relatively thin 
layers of metal or for medical radiog¬ 
raphy, thulium-170 has been recom¬ 
mended. It is made by exposing the 
rare-earth element thulium-169 to 
neutrons in a reactor. It does not emit 
gamma radiation, but the bremsstrah- 
lung from the beta radiation serve the 
same purpose. The disadvantage of 
thulium-170 as a radiographic source 
is its short half life of 127 days. 

17.116. Various applications have 
been made of radioisotopes in process 
control where, as in the case of radiog¬ 
raphy, the radiative, rather than the 
chemical, properties of the material 
are used. One example is a gauge which 
can be used in checking the thickness 
of paper, cellophane, plastic, or other 
sheet material without actual contact. 
A source of beta rays is placed below 
the sheet and an ionization chamber or 
a Geiger-Miiller counter above it. The 
proportion of the radiation absorbed 
and, hence, the number of particles 
reaching the counter depend on the 
thickness of the material through 


which the rays pass. A device of this 
kind can be used to give a continuous 
record, and can even be adapted to 
automatic control. When material of 
one kind is coated on another, the 
thickness of the coating can be deter¬ 
mined by making use of what is 
known as the “backscattering” of beta 
particles. The extent to which these 
particles are reflected or scattered 
back by the coating is a measure of 
its thickness. 

17.117. The absorption of radiation 
is also employed in a means for indi¬ 
cating the level of a liquid in a closed 
vessel. If a gamma-ray source is 
placed at the side of the vessel, the 
radiation proceeding in a horizontal 
direction will traverse the liquid if its 
level is above the position of the 
source; on the other hand, t^ie rays 
will pass through air (or vapor) if the 
liquid level is below the source of 
radiation. Consequently, if the latter 
is moved vertically, the proportion of 
the gamma rays transmitted, as indi¬ 
cated by a G-M counter at the same 
height on the opposite side : of the 
vessel, will change abruptly at the 
level of the liquid surface. 

17.118. Liquid level gauges, such as 
those described above, are extensively 
used in oil refineries and there are, in 
addition many other applications of 
radioisotopes in the control ; of the 
operations. Some examples are the 
following: tracing the flow of fluidized 
(solid) catalyst in the catalytic crack¬ 
ing of hydrocarbons; measuring flow 
rates of liquids; determining the ex¬ 
tent of mixing in surge tanks add 
stills; and detection of leaks in en¬ 
closed pipes, e.g., in heat exchangers. 
Uniformity of mixing during the 
blending of gasolines, lubricating oils, 
greases and waxes can be followed by 
means of isotopic tracers. 

17.119. Information concerning the 
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location of the surface of separation, 
its velocity of flow, and the degree of 
intermixing of different oil stocks flow¬ 
ing in a pipe-line can be obtained by 
the use of a radioactive indicator in¬ 
jected between two different oil stocks. 
The 12.8-day barium-140 was orig¬ 
inally employed for this purpose, but 
on account of its short life it lost a 
large proportion of its activity during 
the preparation and transportation of 
the material. Consequently, antiniony- 
124, with a half life of 60 days, is now 
used; this nuclide emits, in addition 
to beta particles, gamma rays of long 
range which can be detected by means 
of a Geiger-Miiller counter placed out¬ 
side the pipe-line. In this manner the 
position and sharpness of the inter¬ 
face between the oil stocks can be 
determined. The decay product of an¬ 
timony-124 is a stable isotope of 
tellurium, and hence the radioactivity 
d is appears in a short time, so that it 
does not constitute a hazard. 

Analytical Applications 

17.120. Several of the illustrations 
given above of the use of isotopic 
tracers are, of course, analytical pro¬ 
cedures for determining the quantity 
of a particular element present in a 
system. It is of interest, however, to 
consider the analytical applications in 
a more systematic manner. These ap¬ 
plications may be divided into three 
categories: the first, called tracer 
analysis, involves the addition of a 
known amount of isotopic material* 
to the system, in which the total 
quantity of the element has been de¬ 
termined by chemical analysis. In 
view of the essential identity in prop¬ 
erties of the isotopes, the proportion 
of radioactive to stable isotopes, i.e., 
the specific activity, will always re- 
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main the same after allowing for natu¬ 
ral decay. A determination of the 
radioisotope at any time by means 
of a particle counter will then imme¬ 
diately indicate the total amount of 
the element present in the system. 

17.121. An example of tracer analy¬ 
sis is the tracing of pyrite sulfur from 
coal to coke, as described above. 
Other uses are for the measurement of 
low vapor pressures and small solu¬ 
bilities, where ordinary analytical 
methods are usually inaccurate. The 
principle has also been used to test 
the effectiveness of precipitation proc¬ 
esses, which is, in a sense, equivalent 
to the determination of low solubil¬ 
ities. 

17.122. In isotopic dilution analysis 
a compound of a particular element, 
for which the analysis is to be per¬ 
formed, is prepared containing a 
known fraction of the tracer isotope. 
A definite amount of this mixture is 
then added to the system under study, 
and the quantity of the element pres¬ 
ent in the system can then be evalu¬ 
ated from the decrease in concentra¬ 
tion e.g., in the specific activity, of the 
tracer isotope. The procedure differs 
from tracer analysis in not necessitat¬ 
ing an initial chemical (or other! 
analysis for the element under consid¬ 
eration. The methods described in 
§ 17.79 for estimating the quantity of 
red cells in the blood and in § 17.98 
for studying the uptake of phosphorus 
from fertilizers are instances of iso¬ 
topic dilution analysis with radio¬ 
isotopes. 

17.123. The dilution principle has 
also been applied to determine the 
volume of water in the body. For this 
purpose, either the stable isotope deu¬ 
terium or the radioactive tritium can 
be used as a tracer. A definite volume 


♦ It should be understood that for a radioactive isotope a “known amount” refers to u 
known rate of particle emission as determined by a G-M or other countei. 


545 


The Uses of Isotopes and Radio lions 


of water, containing a known amount 
of one of these isotopes, is injected 
into the body, and after allowing 
about an hour for uniform mixing to 
take place, a sample of serum is with¬ 
drawn and its isotope content is meas¬ 
ured. From the change in concentra¬ 
tion, the volume of water in the body 
can be calculated. If the isotope con¬ 
centration is found to be decreased by 
a factor of 1000, for example, then the 
volume of water in the body is 1000 
times that originally injected. The 
sodium space of the body, ascribed to 
its extracellular volume, has been 
estimated in a somewhat similar man¬ 
ner by injecting a solution containing 
a known concentration of radioactive 
sodium as sodium chloride. 

17.124. A highly useful adaptation 
of the isotopic dilution method has 
been made in connection with the ex¬ 
tremely difficult and tedious process of 
analyzing the mixture of amino acids 
resulting from the chemical hydrolysis 
of protein outside the body. In order 
to determine the amount of glycine, 
for example, this amino acid is syn¬ 
thesized with the inclusion of a known 
concentration of glycine labeled with 
the N 15 isotope. A definite weight of 
this mixture is added to the system to 
be analyzed, and from it is extracted a 
specimen of glycine, which may be 
a small proportion of the total pres¬ 
ent. The concentration of N 15 in this 
sample is determined by a mass spec¬ 
trometer, and from the extent of dilu¬ 
tion undergone, the total amount of 
glycine in the system under investiga¬ 
tion can be readily calculated.* 

17.125. The third method of analy¬ 
sis by means of isotopes is called 
activation analysis; it offers attractive 
possibilities for determining minute 


traces of elements, even beyond the 
limits of detection by spectroscopic 
methods. A specimen, containing a 
very small quantity of an element 
which it is required to determine, is ex¬ 
posed to deuterons in a cyclotron or, 
better, to neutrons in a nuclear re¬ 
actor. One or more of the stable iso¬ 
topes of the element are thus “acti¬ 
vated/ 3 that is, they are converted into 
radioisotopes which can then be de¬ 
tected by their characteristic radia¬ 
tions and half lives. By the use of a 
comparison sample containing • a 
known proportion of the given ele¬ 
ment, and treating it in the same way, 
it is even possible to make the analy¬ 
sis quantitative. If the activation .is 
carried out in a nuclear reactor, the 
sensitivity of the method depends on 
the cross section of the isotopqs of the 
element being studied for the radio¬ 
active capture of slow neutrons. For 
the activation analysis to be satisfac¬ 
tory, the radioisotopes formed by 
irradiation must have a half life which 
is neither too long nor too short, so 
that convenient measurement'is pos¬ 
sible. Further, other elements present, 
which may also become activated, 
must not yield products with similar 
half lives or radiation characteristics, 
for otherwise they will interfere with 
the determinations. 

17.126. The activation method has 
been employed for the analysis of 
mixtures of rare-earth elements, which 
is usually a difficult matter, and also 
for estimating traces of gallium and 
palladium in iron meteorites. Minute 
quantities of molybdenum, coppeEr, 
iron and gallium have beeil detected 
in aluminum. In the biological field 
it has been used to investigate the dis¬ 
tribution of gold in the tissues of an 


* Isotopic exchange of nitrogen between the various amino acids, referred to in ft 17.69, 
does not arise here, since the enzymes responsible for the exchange reactions have been de¬ 
stroyed, 
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animal to which this element has been 
supplied in connection with the study 
of rheumatoid arthritis. 

Isotopes and the Standard 
of Length 

17.127. Since 1889 , the metric stand¬ 
ard of length has been a bar of plati¬ 
num-iridium alloy at Sevres, near 
Paris, France. But it has long been 
realized that this is unsatisfactory 
because it is liable to undergo change 
or be destroyed, and the suggestion _ 
was made that the wave length of a 
particular line in the spectrum would 
be more reliable as an absolute stand¬ 
ard. After considering various pos¬ 
sibilities, the red line in the spectrum 
of cadmium was chosen; however, this 
line is not as sharp as would be desir¬ 
able, and measurements with it are 
tedious. The green line of mercury 
seemed to he better in some respects; 
it is sharper and easier to measure 
than the cadmium line, it can be pro¬ 
duced at ordinary temperatures, , 
whereas cadmium must be heated to 
form the vapor, and finally the line is 
in the region of maximum sensitivity 
of the human eye. On the other hand, 
since mercury has six stable isotopes 
present in relatively large amounts, 
besides small quantities of others, the 
“line” has a complicated structure in 
which a particular component is not 
easy to identify. 

17.128. If a single isotope of mer- 
cury could he observed in a pure form, 
the wave length of its green spectral | 
line would evidently constitute an 
ideal standard of length. The problem 
was solved in an elegant manner by ir¬ 
radiating pure gold, which consists of 
a single nuclide An 1 * 7 , with neutrons 
from a nuclear reactor; the product of 
the (n,y) reaction is the 2.70-day 


Chap. XVII 

Aid ft % which decays rapidly, by the 
emission of a negative beta-particle, to 
yield the stable Hg 10S isotope of mer¬ 
cury. This product can then be evapo¬ 
rated off and condensed in a form 
completely free from other isotopes. 
Mercury-vapor lamps, containing 

Hg 10S as the sole isotope, have been 
made at the TJ. S. National Bureau of 
Standards. The green line, as expected, 
is sharp and eminently suited to accu¬ 
rate measurement; its wave length is 
5460.752 A. 

Dating with Isotopes 
17.129. In 1907, the American 
phvsicist, B. B. Boltwood (§5.44), 
then working in E. Rutherford’s labo¬ 
ratory in Manchester, England, sug¬ 
gested that the age of a radioactive 
mineral could he determined from 
the known half life of the parent, c.g., 
uranium-238, and the quantity of 
helium that had accumulated from 
the emitted alpha particles. Although 
quite sound in principle, this method 
is not too accurate in practice because 
some of the helium gas escapes from 
the mineral in the course of the many 
millions of years since it was first 
formed. With the proof, after 1913 or 
so. that different, isotopes of lead were 
the end products of the natural radio¬ 
active series, an improvement in the 
technique of dating uranium minerals 
was possible. 

17.130. Consider the radioactive de¬ 
cay equation (5,3), i.e., Nt = N n e 
Ah', may be taken as the amount of 
uranium-238 originally present in a 
mineral at the time it was formed. 
Ah is the amount still left after the 
lapse of the time t. which represents 
the age of the mineral. Since essen¬ 
tially all the uranium-238 which has 
decayed has been converted into lead- 


Sourcebook on Atomic Energy 


=W *—* * he 


547 


The Uses of Isotopes and Radiations 


206, it follows that N 0 — N t is equal 
to the quantity of the latter present. 
It follows, therefore, that 

XJ238 = (U 238 + Pb 206 )e“ M , 

where the symbols U 238 and Pb 206 
refer to the amounts of the respective 
nuclides existing at the present time 
in a given piece of mineral. These 
quantities can be determined by ex¬ 
periment, and A, the decay constant 
(equal to 0.693/T, where T is the 
half life) of uranium-238, is known; 
hence the age t of the mineral can be 
calculated. A similar expression will 
hold for the relationship between 
uranium-235, the parent of the actin¬ 
ium series, and its end product lead- 

207, i.e., 

XJ235 = (XJ235 + p b 207) e -X^ 

where A.' is the decay constant of 
uranium-235. Thus, two sets of meas¬ 
urements on a uranium mineral, con¬ 
taining both isotopes, will serve as a 
check on one another. 

17.131. A simpler procedure is to 
divide one of these equations by the 
other, and upon rearrangement it is 
found that 

Pb 206 IJ238( € M _ l) 

Pb 207 ” U 236 (V ( - 1) ? 

since U 238 /U 235 is equal to A'/A, as 
may be seen from equation (5.6), 
Since A and A' for the two isotopes of 
uranium are known, from the half 
lives, age of the mineral can be calcu¬ 
lated if the ratios of Pb 208 to Pb 207 
and of U 238 to U 28B are determined > 
by means of a mass spectrometer. 

17.132. A difficulty in applying 
these methods arises from the possi¬ 
bility that the lead may not all be of 
radioactive origin. If this is the case, 
then the mineral will contain some 
lead-204, since this is not an end prod- \ 
uct of any radioactive ncries. The 


problem may be overcome in two 
ways. The most reliable is to make 
use only of materials which do not 
contain lead-204; this restricts the 
applicability of the method. The alter¬ 
native procedure is to determine the 
amount of Pb 204 by means of a mass 
spectrometer and from this to estimate 
(and allow for) the Pb 206 and Pb 207 
that is not of radioactive origin. This 
can be done if the proportions of these 
three lead isotopes in a completely 
nonradiogenic mineral are measured. 
The oldest known uranium minerals 
have an age of 4.5 X 10 9 years. 

17.133. Minerals containing rubid¬ 
ium may be dated by making use of 
the fact that Rb 87 present in nature 
undergoes beta decay and forms Sr^ 7 . 
It follows, therefore, that 

Rb 87 = (Rb 87 + Sr 87 )e->f, 

where A is now the decay constant of 
rubidium-87. Hence, if the ratio of 
Rb 87 to Sr 87 can be determined, the 
age t of the mineral can be calculated. 
It is by no means easy to measure this 
ratio, and the method commonly em¬ 
ployed is to determine spectroscopic¬ 
ally the ratio of total rubidium to 
total strontium, and then to use iso¬ 
topic analysis by the mass spec¬ 
trometer to allow for nonradioactive 
and nonradiogenic isotopes. A similar 
method has been proposed for deter¬ 
mining the ages of minerals containing 
potassium based on the decay of the 
K 40 isotope. This has two products, 
namely gaseous argon-40 (by beta 
decay) and calcium-40 (by orbital- 
electron capture) ; the decay scheme 
is somewhat uncertain, so that the 
results are not yet too reliable. The 
age of the oldest known rubidium 
mineral has been reported to be about 
3.4 X 10 9 years; from the argon-40 in 
the atmosphere, its age has been esti¬ 
mated to be about 4 X 10 9 years. The 
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age of the earth is believed to be 4.5 X 
10 9 years. 

Radiocarbon Dating 
17.134. The methods described 
above are useful for dating minerals 
of considerable age. For more recent 
objects, especially those of animal or 
vegetable origin, the radiocarbon 
method is proving to be of great value. 

In 1934, A. V. Grosse in the United 
States indicated the possibility that 
radioactive isotopes could be formed 
in nature by the action of cosmic rays 
(Chapter XVIIII. Twelve years later, 
\V. F. Libby, also in the United States, 
made the specific suggestion that car¬ 
bon in living matter might be expected 
to contain a definite, if small, propor¬ 
tion of the long-lived C 14 radioisotope, 
formed by the N 14 {n,p) C 14 reaction 
between atmospheric nitrogen, which 
is 99.6 per cent N 14 , and neutrons 
from cosmic rays. Any radiocarbon 
formed in this way will soon be con¬ 
verted into carbon dioxide; it will thus 
he taken up by plants in photosyn¬ 
thesis, built up into carbohydrates to 
be, consumed by animals, who will then 
return part to the atmosphere in respi¬ 
ration. As a result of the operation 
of the familiar plant-animal carbon 
cycle, au equilibrium will be estab¬ 
lished in the course of time, and all 
carbon present in living matter will 
contain a constant equilibrium con¬ 
centration of the C’ 4 isotope. This 
amount will be determined by the rate 
of formation from the cosmic-ray neu¬ 
trons, and the natural decay of C 14 
back to nitrogen (N u ). An examina¬ 
tion of specimens of new wood ob¬ 
tained from sources in various distant 
parts of the world has indicated that, 
in every case, there is a constant 
radioactivity, equivalent to 15.3 
counts per minute per gram of carbon, 
within the limits of experimental error. 
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17.135. Once a carbonaceous ma¬ 
terial has been separated from equi¬ 
librium with the plant-animal cycle, 
it is expected that the C u will decay, 
with its normal half life of about 5600 
years. In this event, the activity of 
‘'old” carbon, such as that present in 
petroleum, which has been removed 
from the life cycle for hundreds of 
millions of years, should be extremely 
small. This expectation has been con¬ 
firmed by the failure to detect any 
appreciable particle count in excess oi 
the normal background value. 

17.136. The interesting prospect 
opened up by the theory outlined 
above is the possibility of being able 
to determine the age of various carbon 
products in the range of about 1000 
to 50,000 and possibly up to 100,000 
years. The assumption made is that 
when formed these substances had the 
same activity as “new” carbon com¬ 
pounds do at the present time, and 
that since removal from the life cycle 
the C 14 has decayed with a half life 
of 5600 years. Thus, in the decay 
equation .V, - Nt |C _M , the value of No 
is taken as 15.3 counts per minute per 
gram of carbon, N, is the correspond¬ 
ing number of counts as determined at 
present, that is, at the age of t, and A 
is the decay constant for carbon-14. 
Since the half life of the latter is 5600 
years, A is 0.693/5600 in reciprocal 
years. Hence, if the number of counts 
per minute per grain of old carbon is 
determined, its age can be readily 
calculated. 

17.137. The method of radiocarbon 
dating has been extensively used in 
recent years for a great variety of age 
measurements, especially of specimens 
of archeological and geological intei- 
est These include textiles, wood and 
charcoal from Egyptian tombs, Amen- 
can cave dwellings and many other 
sources, and wood, peat and mud horn 
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the latest glacial age. The older the 
material, the more difficult it is to date 
it exactly, because the count rate be¬ 
comes smaller and smaller in compari¬ 
son with that of the normal back¬ 
ground. By improving the counting 
techniques, the limit of radiocarbon 
dating has been increased from 
10,000 to 50,000 years, and it has been 
claimed that this may be increased to 
100,000 years in due course. 

17.138. The validity of the radio¬ 
carbon method depends on the postu¬ 
late that, when originally formed, the 
dated materials had the same content 
of carbon-14 as new material has at 
the present day. Since this isotope re¬ 
sults from the capture of neutrons 
from cosmic rays, a basic assumption 
is that the intensity of cosmic rays has 
not changed appreciably during the 
course of the past 50,000 years or 
more. In order to test this point, 
J. L. Kulp, of the Columbia Univer¬ 
sity Geological Observatory, deter¬ 
mined the ages of certain ocean- 
bottom sediments by the radiocarbon 
method and also by measurements 
based on the content of ionium 
(Th 230 ). Good agreement was ob¬ 
tained for deposits dating back to 
25,000 years. Since the ionium method 
is independent of cosmic-ray inten¬ 
sities, it is concluded that the latter 
has not changed by more than 10 to 
20 per cent for any sustained period 
for the past 30,000 years. 

17.139. On the other hand, from 
measurements of the magnetism of 
ancient bricks, going back over 1700 
years, the French geophysicists E. 
Thellier and O. Thellier concluded, 
in 1956, that the earth's magnetic field 
has been decreasing steadily during 
that period. In this event, as W, Elsas- 
ser, R F. Ney and J. 11 Winckler, in 
the United States, have pointed out, 
there would have been a correspond¬ 


ing increase in the flux of cosmic rays 
reaching the atmosphere. As a result, 
ages determined by the radiocarbon 
method would be about 240 years too 
small in specimens 1700 years old, 
and, if the same rate of decrease in 
the earth's magnetic field were ex¬ 
tended back 4000 years, the error 
would be as much as 1000 years in 
specimens of that age. It should be 
pointed out, in this connection, that 
in dating materials from Egyptian 
tombs up to 5000 years old, the 
carbon-14 method has given results 
in excellent agreement with the mast 
reliable archeological data. It is highly 
improbable that the latter are in error 
by more than about 100 years,, and so 
it must be concluded that, if there has 
been a change in cosmic-ray intensity, 
it has not been continuous. 

Dating with Tritium 

17.140. Another radioisotope formed 
in nature by the action of cosmic rays 
is tritium; like carbon-14, it can be 
used, although to a more limited ex¬ 
tent, for determination of age. Because 
of its short half life of 12.26 years, 
the tritium method cannot be applied 
to specimens that are more than about 
30 years old. Tritium is produced in 
the atmosphere mainly in two ways: 
by the interaction of fast neutrons 
with nitrogen, i.e., N 14 (n,f)C 12 , ; and as 
a product of the disintegration of 
nuclei which have captured protons or 
mesons of very high energy. Dating 
with tritium is much more involved 
than with radiocarbon, because of the 
variations in the amounts present in 
water at different latitudes and under 
different rainfall conditions. The pro¬ 
portion of tritium in ordinary water 
is so small, a few parts per billion 
billion (10 18 ), that special methods 
of analysis, including concentration, 
by evaporation of the water, by a 
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factor of at least 10,000, have had to 
be developed. 

17.141. In spite of the difficulties in 
dating with tritium, some interesting 
results have been obtained by W. F. 
Libby and his collaborators, since 
1953. For example, from the tritium 
content of rain, it has been possible to 
calculate how long moisture has re¬ 
mained in the air between evaporation I 
from the sea and its ultimate precipi¬ 
tation. A rough estimate indicates 
that water remains in the air over the 
ocean for about nine days, on the 
average. Agricultural products less 
than 30 years old have been dated by 
determining the tritium content and 
comparing it with the estimated origi¬ 
nal value, in a manner similar to that 
described for radiocarbon. Another ap¬ 
plication is to determine how long 
water has been stored in underground 
reservoirs. In general, it appears that 
analysis for natural tritium may prove 
a useful tool in meteorology and in 
the solution of water supply problems. 

Isotopes and Geological 
Temperatures 

17.142. An entirely different appli¬ 
cation of isotopes, having some geo¬ 
logical interest, deals with a method 
originated by H. C. Urey in 1947 for 
the determination of the temperature 
of the sea in prehistoric times. Refer¬ 
ence has been made earlier to the fact 
that isotopes of a given element can 
exchange in certain chemical com¬ 
pounds until a state of equilibrium is 
attained. The position of the equilib¬ 
rium, as with chemical equilibria in 
general, depends on the temperature. 

A case in point is the isotopic ex- 
change equilibrium between the oxy¬ 
gen in water and that in calcium 
carbonate deposited from it. Calcula¬ 
tions show that if the carbonate sepa- 

* The shells and sometimes the skeletons of 
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rates at 0°C, it will be enriched in the 
i O 18 isotope of oxygen by a factor of 
1.026 over that in the water; at 25°C, 
the corresponding factor will be 1.022. 
This difference for a change of 25°C 
is quite small, but it should be detect¬ 
able by means of a mass spectrometer. 
Hence, accurate determination of the 
isotopic abundance of O 18 in calcium 
carbonate which has separated from 
water should make it possible to esti¬ 
mate the temperature of the water. 

17.143. “It is evident,” says Urey, 
“that if a [marine] animal deposits 
calcium carbonate in equilibrium with 
water in which it lives, the shell * 
sinks to the bottom of the sea and is 
buried securely in the earth and re¬ 
mains unchanged ... it is only nec¬ 
essary to determine the ratio of the 
isotopes of oxygen in the shell today, 
in order to know the temperature at 
which the animal lived.” The theory 
connecting the isotopic composition of 
the calcium carbonate with the tem¬ 
perature of the water is not exact, and 
is, in any event, applicable to pure 
water; consequently an empirical rela¬ 
tionship was established by examin¬ 
ing a number of shells of marine ani¬ 
mals existing at the present time in 
seas ranging in temperature from 0 
to 28°C, From the proportion of 0 1K 
present in fossil belenmites, the tem¬ 
peratures of the Upper Chalk layers 
of the Upper Cretaceous system of the 
county of Hampshire, England, were 
estimated to have changed steadily 
from 26.5° to 18.8°C over a period of 
about 10 million years. 

Applications of Radiations 

17.144. Some uses of radiation for 
control and testing in industry, have 
been given earlier. In this section, a 
few possible industrial applications of 
an entirely different character will be 
marine animals consist of calcium carbonate. 
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described. Several of these are of in¬ 
terest because they do not require 
radiations of any specific energy; 
hence, they may provide a practical 
use for the fission products that will 
be a by-product of the nuclear (fis¬ 
sion) power industry. 

17.145. It has long been known that 
mixtures of small amounts of a radio¬ 
active substance with certain phos¬ 
phors, such as zinc sulfide, produce a 
luminescence visible in the dark. This 
basic phenomenon led to the discovery 
of X-rays and radioactivity, and is 
also the origin of the present-day 
scintillation counters (Chapter VI). 
A number of beta emitters, such as 
carbon-14, strontium-90, promethium- 
147 and thallium-204 have been sug¬ 
gested for the production of lumi¬ 
nescent materials. These are easier to 
handle than natural (alpha-emitting) 
radioactive substances and the beta 
particles cause less deterioration of 
the phosphor than do alpha particles. 

17.146. The ionization produced by 
beta particles is being used for the 
elimination of static electricity, which 
is a serious fire and explosion hazard 
in the paper, textile, rubber and plas¬ 
tic industries. Another use of the ioni¬ 
zation from radioactive sources is to 
control the firing voltage in certain 
types of voltage-regulator tubes and 
in the spark gaps of ignition systems. 
Similar ionization sources have been 
included in a variety of instruments 
where operation depends on the pas¬ 
sage of an electrical discharge. By 
keeping the residual gas in a vacuum 
tube in a state of partial ionization, 
more dependable operation is possible. 

17.147. An important application of 
nuclear radiation is in bringing about 
certain chemical changes, particularly 
in plastics. Many of these produots 
consist of more or lees parallel long 
chains of atoms. By suitable controlled 


exposure to radiation, the chains can 
be connected together, by what are 
called cross linkages, thereby improv¬ 
ing the properties of the plastic. Poly¬ 
ethylene, for example, is a product 
which has benefited from treatment by 
radiation. It should be remembered 
that excessive exposure to radiation 
can lead to serious disruption of the 
atomic bonds, so that the material 
may be rendered useless (§ 15.27). 

17.148. Since gamma radiation can 
destroy bacteria and enzymes which 
cause deterioration and spoilage of 
food, considerable interest has de¬ 
veloped in the possibility of cold 
sterilization of meats, vegetables and 
even antibiotics. The nutritional value 
of the irradiated food appears to be 
unimpaired, but there are sometimes 
undesirable changes in taste pnd ap¬ 
pearance. If these difficulties can be 
overcome, sterilization by gamma ra¬ 
diation may result in a considerable 
change in methods of food packaging. 
Striking improvements in the storage 
quality of potatoes has been achieved 
by exposure to radiation. It should be 
mentioned here that, provided gamma 
rays of moderate energy are used, the 
chances of the food having radioactiv¬ 
ity induced into it are negligible. 

17.149. An attractive possibility is 
the direct conversion of radioactive 
energy into electrical energy. Several 
ways of doing this have been proposed 
and a number of nuclear batteries , as 
they are called, have reached a prac¬ 
tical stage of development. A few of 
the ideas proposed will be outlined 
below. The radioactive materials used 
are generally substances emitting only 
beta particles, because the relatively 
heavy shields required to decrease the 
gamma-ray intensity are undesirable. 
In one case, however, an alpha- 
particle emitter is preferred. 

17.150. The simplest type of nuclear 
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battery, called the beta-current, cell, 
was first demonstrated by H. G.-J. 
Moseley <§ 4.24) in 1913. It consists 
of two conducting electrodes, an 
emitter, coated with a beta-active ma¬ 
terial. and a collector; the electrons 
(beta particles) emitted from one 
electrode are collected on the other 
and flow through an external circuit 
to produce an electrical current in the 
usual manner. By filling the space be¬ 
tween the electrodes with a plastic 
material, such as polyethylene or 
polystyrene, the electrons of high 
energy from the emitter can penetrate 
to the collector, but the flow of low- 
energy electrons in the reverse direc¬ 
tion is prevented, thereby giving an 
increase in efficiency. Using the fission 
product strontium-90, half life 28 
years, a cell having a high voltage 
but extremely small current output 
has been constructed. 

17.151. In the contact potential dif¬ 
ference type of cell, first demonstrated 
by J. Y. Kramer in 1924, the elec¬ 
trodes consist of two conductors, e.g., 
sine and carbon, which differ 
markedly in the respective amounts of 
energy required for the release of 
orbital electrons. The gas between the 
electrodes is ionized by the radioactive 
material, and the resulting chaigcd 
particles, consisting mainly of positive 
ions and electrons (§4.31), serve to 
carry current from one electrode to 
the other. The gas commonly used 
between the electrodes is tritium. Since 
each beta particle can produce as 
many as 200 ion-pairs, by avalanche 
ionization (§6.22), there is some in¬ 
ternal amplification of current in bat¬ 
teries of the contact potential differ¬ 
ence type which does not occur in the 
beta-current cells. The potential dif¬ 
ferences in the battery are of the 
order of 1 volt and the currents are 
very small. 
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17,152. A third type of nuclear cell, 
which has much to recommend it, 
makes use if a positive-negative (or 
p-n) junction , similar to that em¬ 
ployed in the familiar transistors used 
for current amplification. The junc¬ 
tion is made of silicon, to one (posi¬ 
tive) side being added a trace of boron 
and to the other (negative) side a 
trace of antimony. The presence of a 
source of beta particles causes a flow 
of electrons, and hence a flow of elec¬ 
tric current, across the junction, there 
may be as many as 200,000 electrons 
flowing for every initiating beta pm - 
tide and so the current amplification 
is considerable. The cell voltage is 
quite small, e.g., about 0,2 volt), but 
the currents, although not large, are 
much greater than those from nuclear 
cells of most other types. Because of 
the radiation damage caused by the 
beta particles, it is necessary that the 
energy of the latter should be less than 
0.2 Mev, otherwise the voltage of the 
cell fails in a short time. For this rea¬ 
son, strontium-90, which was the ma¬ 
terial used in the first designs, has 
proved to be unsatisfactory. Better re¬ 
sults may be obtained with the fission 
product promethium-147 (hall life 2,5 
years); the maximum beta-particle 
energy from this source is 0.22 Mev 
and the average energy about 0.08 
Mev. 

17,153. A proposed modification is 
to combine the p-n junction with a 
scintillator and a photoelectric sur¬ 
face (§ 2.48). The radioactive particles 
falling on the scintillator produce light 
flashes which serve to eject electrons 
from the photosensitive p-n junction. 
The principle is exactly the same as 
that now being used in devices for 
conversion of sunlight into electrical 
energy, in what are called solar bat- 

17.154. Although several others 
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have been proposed, one final type of 
nuclear cell will be mentioned. This 
requires the use, preferably, of an 
alpha emitter, so that the particles are 
completely absorbed in a small thick¬ 
ness of material. The heat liberated 
as a result of this absorption raises 
the temperature of a thermal junction 
and an electric current is produced. 
Using polonium-210, which emits no 
gamma radiation, as the source of 
alpha particles, a 0.75-volt cell, pro¬ 
ducing a current of 0.025 ampere, has 
been constructed. However, the high 
cost of the polonium makes this a 
laboratory curiosity rather than a 
practical reality. 

17.155. None of the cells described 
above appears to offer any immediate 
prospects for conventional battery 
uses, e.g., domestic or industrial 
power or for automobile starting. 
There are special purposes, however, 
where the possible long life and reli¬ 
ability of a nuclear battery, as com¬ 
pared with the familiar chemical dry 
cell or storage battery, may be advan¬ 
tageous. The very small size possible 
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with a p-n junction type of nuclear 
cell has led to its adoption as a source 
of power in an electric watch. 

Conclusion 

17.156. It should be understood that, 
the uses of isotopes and radiations 
described in the present chapter rep¬ 
resent a selection, chosen either be¬ 
cause of the relative completeness of 
the conclusions, or because of their 
general interest. A great deal of other 
work has been done, which for one 
reason or another, could not be in¬ 
cluded here. The range of applications 
given, from photosynthesis to the 
treatment of polycythemia yera, and 
from the determination of the uptake 
of phosphorus by plants to the temper¬ 
ature of the sea in geological times, 
should be sufficient, however, to indi¬ 
cate the tremendous power and versa¬ 
tility of the isotopic tool. In view of 
the progress already made, there is no 
doubt, as stated earlier, that the fill urn 
holds great promise for discoveHni 
that will be of benefit to mankind, 





























Cosmic Rays and Strange Particles 

Chapter XVIII 


THE PROPERTIES OF COSMIC RAYS 


The Discovery of Cosmic Rays 

18.1. The study of cosmic rays, 
which has revealed some of the most 
striking and complex phenomena of 
nuclear science, owes its origin to the 
attempts by physicists, at the begin¬ 
ning of the present century, to account 
for the continuous leakage of current 
from charged electroscopes. For ex¬ 
ample, around 1900, C. T. R. Wilson 
(see § 6.64) in England, and J. Elster 
and H. Geitel in Germany reported a 
loss of charge, presumably due to ion¬ 
ization of the air in the electroscope, 
even when precautions were taken to 
prevent access of known ionizing ra¬ 
diations. Wilson suggested the pos¬ 
sibility that the ionization might be 
caused by unknown rays coming from 
outside the earth, and this view ap¬ 
peared to find support in the observa¬ 
tions made in Canada, two or three 
years later, by J. C. McLennan and 
E. F. Burton, and by E. Rutherford 
and H. L. Cooke. The former workers 
studied the rate of discharge of an 
electroscope on the surface of frozen 
Lake Ontario, at some distance from 
land, and the latter noted the effect 
of thick layers of iron and lead. In 


both cases, the loss of charge was 
diminished, but there was always a 
residual ionization which could not be 
eliminated. 

18.2. The effects observed were un¬ 
doubtedly small, and they could be 
decreased by the use of sufficient 
shielding; hence there was some feel¬ 
ing of doubt concerning their signifi¬ 
cance. In a review of the subject writ¬ 
ten in 1909, the conclusion was drawn 
that the ionizing radiations were en¬ 
tirely of terrestrial origin. It was 
thought that they were due either to 
radioactive minerals in the earth, or to 
traces of the gaseous emanations 
(§5.18) arising from such minerals, 
or to both. There is no doubt that 
ionizing rays of radioactive origin are 
present in the atmosphere, and it 
seemed reasonable to attribute to them 
the observed ionization. However, 
since such radiations are completely 
absorbed by a few inches of lead, there 
was a sufficient element of doubt to 
make the matter worthy of further 
investigation. 

18.3. In the years 1909 and 1910, 
T. Wulf made observations on the dis¬ 
charge of electroscopes at the top of 
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the Eifel Tower in Paris, France, and 
the Swiss scientist A. Gockel stud¬ 
ied the same phenomenon at high alti¬ 
tudes in the course of balloon ascents. 
If the ionizing radiations come from 
the earth, their intensity should di¬ 
minish at great heights, because pas¬ 
sage through a considerable layer of 
air would be accompanied by absorp¬ 
tion and consequent attenuation. The 
data obtained indicated that a small 
decrease in intensity actually oc¬ 
curred, at first, but at higher altitudes 
the ionization commenced to increase. 
At an elevation of 4500 meters 
(14,800 ft.) Gockel found that an 
electroscope was discharged even more 
rapidly than at the earth’s surface. 

18.4. On the basis of the foregoing 
results it would appear that the ioniz¬ 
ing radiations could not be exclusively 
of terrestrial origin, but the experi¬ 
mental techniques were not too reli¬ 
able, and the obvious conclusion was 
not widely accepted. In the succeeding 
years, more careful quantitative meas¬ 
urements were reported by V. F. Hess 
in Austria, in 1911 to 1913, and by 
W. Kolhorster in Germany, in 1913 
and 1914; both these investigators 
made balloon ascents, to heights of 
about 5000 and 9000 meters, i.e., 
about 10.500 and 30,000 feet, respec¬ 
tively, and found a marked increase 
in the ionizing radiations at high 
elevations. Consequently, Hess sug¬ 
gested that the rays were “of cosmic 
origin,” and referred to them as 
“Hohenstrahlung,” which might be 
translated as “high-altitude rays.” If 
these radiations originated from out¬ 
side the earth, yet reach the surface 
after passing through the atmosphere, 
it is evident that they must have great 
penetrating power. It is thus possible 
to understand hnw the rays can trav¬ 
erse the thick layers of metal which 
were used to shield chargod elcctro- 
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scopes in some of the early experi¬ 
ments, mentioned above. 

18.5. The war in Europe interrupted 
the study of these highly penetrating 
radiations, but in 1922 investigation of 
the subject was resumed, particularly 
by the noted American physicist, R. A. 
Millikan (see §2.33) and his collabo¬ 
rators. Millikan used so-called “free” 
balloons, that is, unmanned balloons, 
containing recording instruments, and 
was thus able to obtain measurements 
at altitudes of 15,500 meters (51,000 
ft.). In addition, observations were 
made in airplane flights and on moun¬ 
tain tops, as well as at considerable 
depths in the water of mountain lakes. 
The existence of the penetrating radia¬ 
tions under all these conditions was 
confirmed, and since they appeared’to 
come from an extraterrestriaJ source, 
Millikan in 1925 called them cosmic 
rays, a name now universally adopted. 
Although it is the practice to speak 
of cosmic rays as if they were a single 
type of radiation, they are actually 
very complex, as will shortly appear. 
The primary rays in outer space are 
believed to be fairly simple, but, be¬ 
cause of their interaction with matter, 
their nature changes as they pass 
through the atmosphere. 

Methods and Objectives 
of Cosmic-Ray Studies 

18.6. During recent years the phe¬ 
nomena associated with cosmic rays 
have formed the subjects of numerous 
investigations. Their remarkable pen¬ 
etrating power has been proved By 
their detection at considerable depths 
in water, and under the surface of the 
earth in mines. By the use of free 
balloons observations have been made 
at altitudes up to 100,000 feet, and by 
introducing the instruments into the 
heads of rockets, data have been ob- 
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tained for short time intervals at very 
much greater heights. 

18.7. All the early work on cosmic 
rays was done with some form of ion¬ 
ization chamber (§ 6.10) in conjunc¬ 
tion with a suitable electrometer. In¬ 
stead of counting individual particles, 
the instrument was used as an inte¬ 
grating device to measure the total 
amount of ionization produced by the 
cosmic rays entering the chamber. By 
grounding the central electrode at 
definite intervals, the ionization 
charge collected in a given period of 
time could be determined. With the 
vacuum-tube amplifiers at present 
available, the ionization chamber can 
be adapted to indicate individual 
events or groups of events accompany¬ 
ing the passage of cosmic rays. 

18.8. In 1927, the Russian physicist, 
D. Skobelzyn, adapted the Wilson 
cloud chamber (§ 6.68), with an asso¬ 
ciated magnetic field, to the study of 
cosmic rays. With certain modifica¬ 
tions, to be described below, this in¬ 
strument has proved of great value; 
its use has led to the discovery of new 
fundamental particles and of new phe¬ 
nomena of considerable interest. In 
order to slow down the rapidly moving 
particles, thus increasing the specific 
ionization in their paths, and also to 
observe, if possible, the end of their 
tracks, cloud chambers for cosmic-ray 
work are filled with gas at high pres¬ 
sure. 

18.9. The development of the Gei- 
ger-Miiller tube in 1928 (§ 6.26) led to 
its almost immediate use for cosmic- 
ray work in 1929, by W. Bothe and 
W. Kolhorster in Germany. By mak¬ 
ing use of two or more of these count¬ 
ers, either alone or in conjunction with 
a cloud chamber, a number of highly 
ingenious devices have been con¬ 
structed for investigating a variety of 
effects associated with cosmic rays. An 
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illustration is provided by what is 
sometimes known as a cosmic-ray 
telescope; in its simplest form this 
consists of two or more G-M tubes 
oriented horizontally, with one placed 
vertically above the other, and con¬ 
nected by a coincidence circuit. A 
system of this kind will respond only 
to ionizing particles (or radiations) 
passing through all the counters, which 
means it will only count penetrating 
particles traveling in a vertical direc¬ 
tion. If the relative positions of the 
tubes are changed, the number coming 
from other directions can be recorded. 

18.10. By placing a Wilson cloud 
chamber between two G-M counters, 
as did Blackett and Occhialini in the 
work described in § 2.72, it is possible 
to make the cosmic-ray particle rec¬ 
ord its own cloud track. The coin¬ 
cidence circuit is connected to a relay 
which causes the expansion of the 
cloud chamber to take place when an 
ionizing particle has passed through 
the two G-M tubes and the chamber. 
Since the ions formed persist for an 
appreciable time, it is possible to re¬ 
cord the cloud track during a short 
interval after the actual passage of the 
particle. This delay is often an advan¬ 
tage because the track is somewhat 
diffused, and so the number of droplets 
present and hence of ions formed can 
be counted. Previous to the use of G-M 
tubes to cause cosmic-ray particles 
to trigger the cloud chamber, it was 
the practice to make many random 
expansions in the hope of hitting upon 
an interesting event. This wasteful 
procedure has now been obviated. 

18.11. As seen in §6.87, a photo¬ 
graphic emulsion behaves somewhat 
like a cloud chamber in recording the 
paths of ionizing particles. The sim¬ 
plicity and lightness of the photo¬ 
graphic plate are a great asset in 
connection with observations made in 


557 


Cosmic Rays and Strange Particles 


free balloons and on mountain peaks. 
Further, the continuous sensitivity of 
the emulsion is an advantage for 
there is no way of knowing in advance 
when an interesting nuclear event is 
about to occur. Photographic plates 
were first employed for the studies of 
cosmic rays by (Frl.) M. Blau in 
Austria in 1936, and their use has led 
to many important discoveries in the 
realm of cosmic rays. A number of 
nuclear track plates or pellicles, in the 
form of a pack, are placed in a light¬ 
tight box, which the cosmic rays can 
easily penetrate, and exposed at high 
altitudes for some time. Since the 
stopping power of the emulsion is con¬ 
siderably greater than that of air, 
tracks frequently terminate in the 
emulsion producing events of particu¬ 
lar interest. Measurements made on 
the tracks, which are observed under 
the microscope, provide information 
on the properties of the particles caus¬ 
ing them. 

18.12. In the subsequent sections of 
this chapter an outline will be given 
of the more significant phenomena, 
many of which are highly complicated, 
associated with cosmic radiations. An 
attempt will also be made to interpret 
the results as far as possible, within 
the limitations of present day knowl¬ 
edge. It should be understood, how¬ 
ever, that in this rapidly developing 
field new facts are being discovered 
almost daily, and many of these new 
facts require the erection of new 
theories. 

18.13. Before going into details, 
however, it may be asked: What is 
the purpose of studying these rays 
which appear to have their origin in 
distant space? The answer is two-fold. 
In the first place, the investigation of 


cosmic rays is an area of research 
having an intrinsic interest to the 
physicist, partly because of the vari¬ 
ety and complexity of the related 
phenomena, and partly because of the 
intriguing problem of the origin of 
these rays. In the second place, the 
presence of radiations of tremendously 
high energies makes the cosmic rays 
a weapon for attacking the atomic 
nucleus, more powerful than any of 
the laboratory particle-accelerators 
that are at present in existence. 

18.14. Already the study of cosmic 
rays has resulted in the identification 
of the positron (§ 2.67) as well as sev¬ 
eral types of mesons (§ 2.124 et 
seq.) which will be described more 
fully below. Nuclear disintegrations 
(“stars”) and other striking effects 
have also been brought to ligh£ in the 
course of work with cosmic rays. It 
is thus not difficult to understand why 
the subject has attracted so much at¬ 
tention in recent years. 

The Latitude Effect 

18.15. If cosmic rays consist bf elec¬ 
trically charged particles coming from 
outside the earth, as seems possible 
from their ionizing and penetrating 
properties, then it is to be expected 
that they should be affected by the 
earth's magnetic field, just as are the 
electrons responsible for the , aurora 
borealis. The rule relating to the de¬ 
flection of electrically charged parti¬ 
cles in the field of a magnet is well 
known to physicists; from this rule it 
can be readily shown that charged 
particles coming from an extraterres¬ 
trial source will suffer maximum de¬ 
flection if they approach in the direc¬ 
tion of the earth’s geomagnetic equa¬ 
tor.* The extent of the deflection 


* The geomagnetic equator is the imaginary great circle on the earth's surface, everywhere 
equidistant from the earth's magnetic polos. Degrees of latitude with respect to the geomag¬ 
netic equator und the magnetic poles me referred to as gvoinagnvtiv, latitudes* 
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should decrease, however, as the direc¬ 
tion of approach is changed toward 
the polar regions, and will be essen¬ 
tially zero in the direction of the 
earth’s magnetic poles. It can he seen, 
therefore, that if cosmic rays do in¬ 
deed consist of charged particles, a 
variation of intensity with the geo¬ 
magnetic latitude should be observed. 
The intensity should he greatest near 
the poles, where the approaching par¬ 
ticles are not appreciably deflected, 
and least in the region of the geo¬ 
magnetic equator, where the deflection 
is a maximum. 

18.16. Early attempts to observe 
what is now called the latitude effect 
were unsuccess! nl, but in 1927, the 
Dutch physicist, J. Clay, first reported 
a noticeable decrease in intensity of 
cosmic rays, observed on shipboard, 
in the region of the geomagnetic equa¬ 
tor. The variation of intensity with 
geomagnetic latitude depends to some 
extent on the longitude,* and this fact 
led to a certain amount of confusion. 
However, as a result of the compre¬ 
hensive investigations made by A. H. 
Compton (see § 3.36) and his cowork¬ 
ers the existence of the latitude effect 
was definitely established. Lines 
drawn on a map, passing through 
points of equal cosmic-ray intensity, 
are found, as expected, to be parallel 
to the lines of geomagnetic latitude. 
These results provide strong evidence 
for the view that cosmic rays consist, 
at least partly, of electrically charged 
particles originating outside the earth. 

18.17. If the cosmic-ray intensities 
at various geomagnetic latitudes, for 
a given longitude, are plotted, the re¬ 
sult is a curve like that in Fig. 18,1. It 
is seen tiiat between the magnetic 
poles and latitudes of about 50°, the 
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intensity remains almost constant, the 
observed decrease taking place only 
between 50° latitude and the geo¬ 
magnetic equator. 

18.18. It should be noted that the 
form of the curve in Fig. 18.1 is in- 



Fig. 18.1. Approximate variation of cos¬ 
mic-ray intensity with geomagnetic lati¬ 
tude. 

tended to be qualitative only, since it 
varies with the conditions of meas¬ 
urement of the cosmic-ray intensity. 
At the top of the atmosphere, for ex¬ 
ample, the relative difference between 
the ionization intensities at geomag¬ 
netic latitudes of 0° and 90° are con¬ 
siderably greater than at sea level. 
This is due to the many changes oc¬ 
curring in the cosmic rays in their 
passage through the atmosphere, as 
will be seen later. The shape of the 
curve also appears to be related to 
sun spot activity, although this may 
well be a secondary effect. 

18.19. There is some uncertainty as 
to whether the curve in Fig. 18.1 is 
actually flat between geomagnetic 
latitudes of about 50° and 90°, im¬ 
plying a constancy of the cosmic-ray 
intensity in these regions. If the in¬ 
tensity is indeed constant, the implies- 
tion would be that no primary cosmic- 
rav particles with energy lees than 
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to the earth itself- 
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about 1500 Mev (or 1.5 Bev)* can 
reach the earth's atmosphere. Thus, by 
geomagnetic latitude 50 °, all particles 
with energies of 1.5 Bev or more will 
have arrived^ and a further increase 
in the number would not be possible. 

If this is the case, what then happens 
to particles with energies less than 1.5 
Bev? It has been suggested that such 
particles are deflected by the magnetic 
field of the sun. However, this expla¬ 
nation is of doubtful validity, since 
calculations based upon it do not 
agree with the experimental facts. 

18.20. More recent investigations of 
cosmic-ray intensities have indicated 
that the values may not be constant 
at latitudes greater than 50°; they 
probably increase to some extent, al¬ 
though less markedly than from the 
geomagnetic equator to latitude 50°. 
In this event, there is no sharp cutoff 
of the energy of the primary particles 
reaching the earth’s atmosphere. 
There is evidently some relationship 
between the sun and cosmic rays, but 
the exact nature of the connection has 
not been established. For example, it 
has been claimed that the oosmic-ray 
intensities are highest in years when 
sun-spot activity is least, and vice 
versa. Fufther, the appearance of 
“flares” on the sun’s surface are as¬ 
sociated with a definite increase in 
cosmic-ray intensities. 

East-West Asymmetry Effect 

18.21. It was pointed out by 
B. Rossi in Italy in 1930 that, if cos¬ 
mic rays contain a large proportion of 
electrically charged particles, there 
should be a difference in the intensity 
of the rays coming from easterly and 
westerly directions. A moving stream 

♦The abbreviation Hrv in lifted, as in 1 9.9fl 

| The jfMiizfil i<m mnufUiT'd nl nr near the n 
tigles, ns will be explained Inter; hence, It Is 
effect applies, It see mi reasonable to suppose, 
in the primary particle* will also be that of tl 
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of charged particles \h deflected by a 
magnetic field in a direction perpen¬ 
dicular both to the field and to that of 
their motion. If the particles are posi¬ 
tively charged, then the earth’s mag¬ 
netic field will deflect them toward the 
east; on the other hand, they will be 
deflected toward the west if the parti¬ 
cles are negatively charged. It follows, 
therefore, that if most of the cosmic- 
ray particles are positively charged, 
an observer on the earth will find a 
greater intensity apparently ap¬ 
proaching from a westerly than from 
an easterly direction. There should 
thus be what has been called an east- 
west asymmetry effect. This effect is 
expected to be most marked near the 
geomagnetic equator and should Tall 
off to zero as the poles arc approached. 

18.22. By making use of the ability 
of a system of two or more (T-M tubes, 
arranged in coincidence, to act as A 
cosmic-ray telescope, it is possibles to 
count particles coming from a specific 
direction. In this way the existence of 
the east-west asymmetry in cosmic 
rays has been proved. From, measure¬ 
ments reported in 1935 near the mag¬ 
netic equator in Peru, and elsewhere, 
the American physicist T. H. Johnson 
established definitely that more parti¬ 
cles approach the earth from the west 
than from an easterly direction. This 
result not only confirmed the view 
that cosmic-ray particles are electri¬ 
cally charged, but it also showed that 
the majority are positively charged, f 
These and other considerations led 
Johnson to suggest that the primary 
particles, that is, the particles present 
in cosmic rays before interacting With 
nuclei present in the atmosphere, are 
mainly protons. This view is now 

for a billion electron volts, i.e. r 10* ev. : 
ri surface is mainly due to secondary par- 
stir idly to these that the observed eait-weit 
mwevrr, l hut the charge which is predominant 
e rtenmiluvle*. 
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widely adopted as providing the most 
satisfactory interpretation of numer¬ 
ous cosmic-ray phenomena. 

The Altitude Effect 

18.23. It will be recalled that one 
of the essential arguments in favor of 
the extraterrestrial origin of cosmic 
rays was the marked increase of in¬ 
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observation point, are depicted in 
Fig. 18.2. In accordance with a com¬ 
mon practice in cosmic-ray studies, 
the intensities are plotted against the 
corresponding values of the atmos¬ 
pheric pressure expressed in terms of 
meters of water, a pressure of 1 atm., 
or 76 cm. of mercury, being equivalent 
to 10.33 meters of water.* 
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Fig. 18.2. Cosmic-ray intensities as a function of the atmospheric 
pressure, at latitudes from 3° to 60°N. 


tensity observed with increasing alti¬ 
tude (§ 18.3). With the improved ap¬ 
paratus that later became available a 
more careful and detailed examination 
of the effect of altitude has been made 
at several different geomagnetic lati¬ 
tudes. The intensities obtained for 
cosmic-ray particles reaching the in¬ 
strument from all angles, at the given 


18.24. The curves reveal a number 
of interesting points. As already noted, 
the total cosmic-ray intensity increases 
with increasing altitude or decreasing 
pressure, i.e., in passing from right to 
left of the figure. But at high alti¬ 
tudes, usually in excess of 50,000 feet, 
the intensity starts to fall off with 
increasing height. The intensity at 


* A pressure of 1 meter water-equivalent corresponds to an altitude of 53,600 feet. One 
reason why the water equivalent of altitude is used is that cosmic-ray intensities determined 
under water, above or below sea level, can be included in the same figure. 
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any pressure or, in other words, at a 
given altitude, is seen to increase with 
geomagnetic latitude, as recorded in 
a preceding section. 

18.25. Very briefly, the general shape 
of the intensity-altitude curve may he 
explained in the following manner. 
^ the top of the atmosphere, the 
primary cosmic-ray particles, believed 
to he protons, interact with matter 
for example, the molecules of oxygen 
and nitrogen, producing considerable 
numbers of secondary particles, mostly 
electrons, both positive and negative, 
and photons, as will he explained in 
§ 18-37. The instrument which meas¬ 
ures the total number of charged par¬ 
ticles, or total ionization, thus registers 
an increase of intensity with decreas¬ 
ing altitude. This accounts for the 
small, rising portions of the curves at 
the left ol Fig. 18.2. As the secondary i 
particles pass down through the at¬ 
mosphere, they are absorbed, that is 
to say, they are slowed down until 
they no longer produce ionization. 
Hence, as the. instrument descends, 
the ionization intensity recorded de¬ 
ceases at first rapidly, and then more 
slowly as sea level is attained at the 
extreme right of the figure. 

18.26. As already seen, the differ¬ 
ence in the intensities at different lati¬ 
tudes, as shown by the several curves 
m Fig. 18.2, is due to the fact that a 
proportion of the cosmic-ray particles 
which can overcome the earth's mag¬ 
netic field at San Antonio, Texas (geo¬ 
magnetic latitude 38°), for example, 
do not have sufficient energy to do so 
at Madras, India (geomagnetic lati¬ 
tude 3°). For each geomagnetic lati¬ 
tude, between 0° and 50°, at least, 
there is a certain minimum energy 
necessary for the primary cosmic-ray 
particles to reach the earth. 


18.27. The area under each curve 
represents the total (integrated) ion¬ 
ization, and thus is a measure of the 
total energy* of the cosmic rays 
reaching the earth's surface at that 
latitude. Hence, it is proportional to 
the total energy of the rays in excess 
of the calculated minimum energy for 
the given latitude. The difference in 
the areas under any two curves in Fig. 
18.2 is thus related to the total energy 
carried by the cosmic-ray particles 
whose individual energies lie between 
the two minimum values for the lati¬ 
tudes corresponding to the chosen 
curves. Consequently, if the average 
energy of the individual particles 
were known, it would be possible to 
determine the actual number of par¬ 
ticles with energies lying between 
these minimum energies. Estimates of 
the average energies have been made, 
and with their aid an indication has 
been obtained of the distribution of 
energies among the primary cosmic- 
ray particles. 

18.28. From the results, it appears 
that primary particles with energies in 
the vicinity of 6 Bev are more frequent 
than those with other energies. This 
does not mean that the majority of all 
J the particles in cosmic rays have 6 
Bev energy, but that more particles 
have this energy than any other indi¬ 
vidual value. The calculations, based 
on the data in Fig. 18.2 show that the 
mean energy of all primary cosmic- 
ray particles is approximately 10 Bev. 
However, cosmic rays contain a fair 
proportion of particles with energies 
of 30 to 40 Bev, and more. It will be 
seen later that there is evidence, in 
fact, for the occasional occurrence in 
cosmic rays of particles with energies 
up to the fantastic figure of 10 M Bev 
that is, 10 tT cv, 


* 11,0 foI ' Mm,,wn of ono ion "l mir in requirtl about 33.5 ov of energy (U\A). 
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The Soft and Hard Components 

18.29. The extraordinary penetrat¬ 
ing power of cosmic rays is shown, in 
the first place, by their ability to pass 
through the earth’s atmosphere, the 
absorptive power of which for ionizing 
radiations is approximately equivalent 
to 1 meter thickness of lead. But that 
is not all. The rays have been detected 
underground and under water at dis¬ 
tances equivalent to 1400 meters of 
water below the earth’s surface. Only 
particles with many billions of electron 
volts of energy could have penetrated 
to such depths. 

18.30. A study of the absorption of 
cosmic rays in matter has revealed the 
fact that’ the intensity does not de¬ 
crease regularly with the thickness of 
the absorbing material. With lead as 
absorber, for example, the intensity of 
the cosmic rays diminishes rapidly for 
the first 10 cm. thickness, and .then 
falls off much more slowly. This indi¬ 
cates that the cosmic rays consist of 
at least two different types of radia¬ 
tion. That part which is absorbed by 
10 cm. of lead is called the soft com¬ 
ponent of the cosmic rays. The por¬ 
tion of the cosmic radiation which is 
able to pass through 10 cm. of had* 
and which is absorbed only with diffi¬ 
culty, is called the hard component. 
Actually, the distinction between hard 
and soft components, based _ on the 
penetration of 10 cm. of lead, is some¬ 
what arbitrary, but it has proved very 
convenient. The properties of the two 
types of cosmic rays, defined in this 
manner, are quite characteristic, as 
will be evident in due course. 

18.31. The soft component consti¬ 
tutes about 20 per cent of the total 
cosmic radiation at sea level at 50 
geomagnetic latitude, but the propor¬ 
tion increases, at first, with increasing 
altitude, this is to be expected since 
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the soft component is more easily ab¬ 
sorbed than the hard component in 
passing through the atmosphere. At 
very great heights, where the total 
cosmic radiation commences to de¬ 
crease, as indicated by the turning 
downward of the curves at the left- 
hand side of Fig. 18.2, the amount of 
the soft component also decreases. Ac¬ 
tually, the decrease in the total inten¬ 
sity is due to the decrease in the soft 
component at high altitudes, for the 
intensity of the hard component has 
been observed to increase steadily up 
to the greatest heights attained. 

18.32. Taken in conjunction with 
the interpretation of the shape of the 
curves in Fig. 18.2, given above, it 
may be concluded from these data 
that the hard component is more 
closely related to the primary cosmic 
radiation, whereas the soft component 
is equivalent to the secondary radia¬ 
tion resulting from the interaction of 
the primary rays with matter, or from 
spontaneous changes undergone by 
the hard component. This view, which 
will be elaborated more fully at a later 
stage (§ 18.36 et seq .), is supported by 
the observation that the soft com¬ 
ponent can still be detected at great 
depths below sea level. Because of its 
relatively easy absorbability, it is in¬ 
conceivable that the soft component 
will have penetrated to such distances 
from the earth’s surface. It would 
appear, therefore, that the soft com¬ 
ponent is produced by, and is conse¬ 
quently secondary to, the extremely 
penetrating, hard component. 

18.33. On the basis of numerous de¬ 
tailed studies of the ionizing and pene¬ 
trating powers of the hard and soft 
components of cosmic rays, at various 
altitudes and latitudes, it is generally 
accepted that the hard component 
consists mainly of highly energetic 
mesons, the charged and neutral par- 
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tides of intermediate mass and short 
life to which reference was made in 
Chapter II, and which will be con¬ 
sidered more fully below. A small 
number of fast protons, and a still 
smaller number of nuclei of heavier 
atoms, all of which are believed to be 
primary cosmic-ray particles, are also 
present in the hard component. In 
addition, there are a few neutrons, 
electrons and photons (§ 3.34) of ex¬ 
tremely high energy. The great pen¬ 
etrating power of the mesons largely 
accounts for the ease with which the 
hard component of cosmic rays passes 
through considerable thicknesses of 
matter. 

18.34* The soft component, on the 
other hand, is made up essentially of 
positive (positrons) and negative elec¬ 
trons, and about an equal number of 
photons; there are, in addition, pos¬ 
sibly a small number of slow mesons, 
neutrons, protons and heavier parti¬ 
cles. For practical purposes, the soft 
component may be thought of as ap¬ 
proximately equal proportions of pos¬ 
itrons, electrons and photons with en¬ 
ergies less than about 200 Mev. Since 
it is doubtful if electrons are present 
to any great extent in the primary 
cosmic radiation, the soft component 
must, presumably, be secondary in na¬ 
ture, as indicated above. The electrons 
of the soft component of cosmic rays 
are believed to originate chiefly in 
three ways. First, charged pi-mesons 
decay into mu-mesons and the latter 
then emit electrons, either positive or 
negative according to the sign of the 
meson. Second, the decay of neutral 
mesons is accompanied by the libera¬ 
tion of gamma-ray photons of high 
energy which can produce positron- 

+ Radiations of the bromsRtrfthlung type ar 
the probability (or crone portion) for this pro 
the mass of the moving particle, it is very n 
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electron pairs when they encounter 
atomic nuclei (§7.88). And, finally, 
many of the electrons in the soft com¬ 
ponent of cosmic rays, referred to as 
knock-on electrons } result from direct 
impact of the fast mesons with the 
orbital electrons of the oxygen and 
nitrogen atoms in the atmosphere. The 
foregoing mechanisms account for the 
occurrence of the soft component of 
cosmic rays at considerable depths 
underground where the mesons can 
penetrate, but electrons cannot. 

18.35. In their passage through the 
air (or other matter), the electrical 
interaction of the . electrons with 
atomic nuclei results in the formation 
of X-rays of the continuous type, 
i.e., bremsstrahlung (or braking 
radiation), as explained in § 4.75.* 
This accounts for the presence of 
photons in the soft component. If 
these photons have energy in excess 
of 1 Mev, as many do, initially at 
least, they can produce positron-elec¬ 
tron pairs. Thus, one electron may 
cause the liberation of one photon, 
which is then converted into two elec¬ 
trons, one positive and one negative; 
this multiplication undoubtedly plays 
some part in maintaining the electron 
concentration of the soft component 
of cosmic rays. By using a special 
device, this multiplication can be 
greatly amplified to produce some 
interesting phenomena, as wilhbe seen 
below. It is worth noting that the 
positron was first discovered, and evi¬ 
dence for positron-electron pairs was 
first obtained, from cloud tracks re¬ 
sulting from the passage of cosnjic 
rays through a Wilson chamber (§ 2.67 
et seq.). 

i also produced by charged mesons, but since 
loss is inversely proportional to the square of 
n«ll for moBons, as compared with electrons. 
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Cascade Showers 

18.36. In 1929, shortly after he had 
adapted the cloud chamber to the 
study of cosmic rays (§18.8), D. 
Skobelzyn noted that sets of asso¬ 
ciated tracks were often obtained in¬ 
dicating the passage of particles in 
groups. Subsequently a variety of 
similar effects were observed with both 
cloud chambers and G-M counters. 
Any grouping of cosmic-ray particles 
is referred to as a shower, following 
the suggestion made by P. M. S. 
Blackett and G. P. S. Occhialini in 
1933. Actually, numerous types of 
showers, many of them of great com¬ 
plexity, have been studied, but only 
those which appear to be moderately 
well understood will be described here. 

18.37. Showers are readily observed 
in a cloud chamber by placing one or 
more lead plates across it; a cosmic- 
ray particle entering the chamber may 
then initiate a shower which is seen to 
originate in the lead. An illust ration of 
a simple type of shower is to be found 
in Fig. 2.6 which was used in §2.70 to 
depict the formation of election-posi¬ 
tron pairs. The initiating particle may 
be extremely penetrating, so that it is 
seen to continue its motion without 
deflection. On the otheT hand, there is 
often no observable track of an initi¬ 
ating particle, so that the latter is be¬ 
lieved to he a photon of high energy 
arising from the decay of a neutral 
pi-meson. By placing several lead 
plates across the cloud chamber the 
striking phenomenon of a cascade 
shower is observed, as shown in Fig. 
18.3. A cascade can be initiated by a 
single particle; the number of re¬ 
sulting particles increases in the first 
few plates and then decreases until it 
is terminated. Tf penetrating particles 


are present, they may pass right 
through the chamber virtually un¬ 
affected. 

18.38. The fact that cascade showers 
are almost invariably stopped before 



Fig. 18.3. Cascade shower produced by 
cosmic rays in a cloud chamber containing 
lead plates. 


passing through lead plates with a 
total thickness of about 10 cm. indi- 
cates that they are related to the soft 
component of cosmic rays. The parti¬ 
cles producing the tracks are thus es¬ 
sentially positive and negative elec¬ 
trons and photons. This is in harmony 
with the interpretation of cascade 
showers first suggested by the French 
physicist P. Auger in 1935, and de¬ 
veloped quantitatively in 1937 by J. F. 
Carlson and J. R. Oppenhcimer in the 
United States, and by H. J. Bhabhn 
and W. Heitlcr in Eire. According to 
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the theory, a shower of the type under 
consideration is usually initiated by a 
high-energy electron. This may be a 
knock-on electron, liberated by the 
impact of an energetic mu-meson with 
an extranuclear electron of an atom 
or, more probably, a member of a 
positron-electron pair liberated by 
gamma-ray photons from neutral pi- 
meson decay. 

18.39. The initiating electron, whose 
energy may be many billions of elec¬ 
tron volts, will emit bremsstrahlung 
photons of high energy in its passage 
through matter, a lead plate for ex¬ 
ample. Each of the highly energetic 
photons formed in this manner will 
produce a positron-electron pair, with 
each particle carrying off half of the 
excess energy. Thus, in the first gener¬ 
ation, within the lead plate, one pri¬ 
mary electron will produce two sec¬ 
ondary electrons, as outlined in 
§ 18.35. Each of these secondaries can 
then behave in a similar manner, so 
that there is a very rapid multiplica¬ 
tion of the number of particles; by the 
time these emerge from the first plate, 
there may be many hundreds or even 
thousands of electrons, positrons and 
photons which form the shower. In 
the next plate, the less energetic par¬ 
ticles are absorbed, but there may be 
sufficient of high energy to cause fur¬ 
ther multiplication in the manner de¬ 
scribed above. A succession of events 
of this type will produce a cascade 
shower (Fig. 18.3). Since photons act 
as intermediates in the propagation of 
cascade showers, it is evident that 
photons of high energy, produced in 
other ways, can themselves initiate 
showers, as they undoubtedly do. 

18.40. It should be clearly under¬ 
stood that, in the cascade process, 
although the number of particles in¬ 
creases, at least in the oarly stages, 
the total energy cannot increase. In 
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fact, the energy of the initiating par¬ 
ticle is gradually distributed among 
those formed in successive stages of 
the cascade. In addition some energy 
is transferred, by the Compton effect 
(§3.36), to orbital electrons of the 
lead absorber, and these make only a 
minor contribution to the shower. 
Hence, after passing through several 
plates, the number depending on the 
original energy, the energy of the in¬ 
dividual positive and negative elec¬ 
trons and photons has fallen to such 
an extent that they are completely 
absorbed by the lead. From the total 
number of tracks - produced in a 
cascade shower the energy of the ini¬ 
tial particle can be estimated; for a 
large shower this may be as high as 
a thousand billion electron volts, i.c., 
10 s Bev or 10 12 ev, or more. 

18.41. Important results have ac¬ 
crued from the investigation of cosmic 
rays by means of Geiger-Miiller tubes 
arranged in a coincidence circuit. Sup- 



Fig. 18.4. Number of cosmic-ray showers 
observed under lead plates of various 
thicknesses (Rossi curve). 

pose three such tubes, for example, are 
placed in one plane below a lead plate; 
a count will be recorded only if par- 
tiolcs pass simultaneously through the 
three tubes. This is likely to occur 
only if a shower Iiuh been initiated in 
Mu* plate. If the thieknesH of the lead 
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plate is increased and the number of 
coincidences, representing the number 
of showers, in a given time is recorded 
for each thickness, there is obtained a 
characteristic curve known as Rossi 
curve j named for B. Rossi who first 
plotted such a curve in 1932. The 
number of showers always increases at 
first with increasing thickness of the 
lead, until a maximum is reached at a 
thickness of about 2 cm.; the shower 
frequency then commences to diminish 
until a thickness of 10 cm. of lead is 
attained, after which the decrease is 
extremely gradual (Fig. 18.4). 

18.42. The characteristic shape of 
the Rossi curve has been interpreted as 
follows. The initial increase in shower 
formation with the thickness of the 
lead plate is due to the multiplication 
process, analogous to that for the first 
two or three plates in a cascade 
shower observed in a cloud chamber. 
When the thickness of the lead exceeds 
about 2 cm,, the loss of energy, ac¬ 
companied by absorption of the sec¬ 
ondary particles, tends to reduce the 
number of particles which can pass 
through the plate and excite the coin¬ 
cidence circuit. Thus the number of 
counts decreases until a thickness of 
10 cm. of lead is attained. As seen 
above, this amount of lead will re¬ 
move the soft component of the cos¬ 
mic radiation, and hence the showers 
observed for greater thicknesses must 
be caused by highly penetrating parti¬ 
cles. The view generally accepted is 
that mesons, which can penetrate con¬ 
siderable thicknesses of absorber, give 
rise to energetic electrons in one way 
or another (§18.34). Any of these 
electrons, with sufficient energy, 
formed in the lower portion of the 
lead, can produce showers which will 
be detected by the G-M coincidence 
counter. Since the mesons are only 
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slightly absorbed in the lead, the num¬ 
ber of showers decreases slowly, as 
seen in Fig. 18.4. 

Air Showers 

18.43. In the work described above, 
cosmic-ray showers were produced de¬ 
liberately, and in a limited space, by 
the use of plates of a heavy element 
which provided the required condi¬ 
tions for slowing down electrons, fol¬ 
lowed by the formation of electron- 
positron pairs from the resulting pho¬ 
tons. The same processes undoubtedly 
occur in the atmosphere in nature, ex¬ 
cept that the smaller density of the 
medium, through which the cosmic-ray 
particles pass, results in a consider¬ 
able spread of the distance in which a 
cascade shower occurs. 

18.44. In studying these atmos¬ 
pheric showers, P. Auger arranged a 
number of G-M counters for the de¬ 
tection of coincidences; with the 
counters a few centimeters or deci¬ 
meters apart, about one shower per 
minute could be detected, on the aver¬ 
age, near sea level. As the distance 
between the counters was increased, 
Auger and his associates found in 1938 
that the number of coincidences de¬ 
creased sharply, but did not drop to 
zero. Even for large distances, an ap¬ 
proximately constant rate of five or 
six coincidences per hour was ob¬ 
served. This result suggested that, in 
addition to the small or local show¬ 
ers, occurring about once each minute, 
there were other showers covering a 
much larger area. The latter are 
known as extensive air-showers , or as 
Auger showers . 

18.45. Encouraged by the discovery 
of these extensive atmospheric cosmic- 
ray showers, Auger carried out further 
experiments at high altitudes and was 
able to record coincidences at the rate 
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of one per hour even when the counters 
were about 1000 feet apart. Still more 
extensive showers have been reported 
as the result of experiments made by 
American scientists at an altitude of 
about two miles above sea level, at 
Echo Lake, Colorado, By using 200 
G-M tubes in a coincidence circuit, 
gigantic showers, approximately a 
mile across, were found to occur about 
once a week. The tremendous spread 
of these extensive air-showers, which 
are presumably formed in a manner 
similar to the cascade showers de¬ 
scribed above, suggests that they trav¬ 
erse the entire atmosphere. 

18.46. It has been estimated that 
the initiation of an extensive air 
shower requires a primary particle 
with an energy of about 10 16 to 10 17 
ev, i.e., 10 7 to 10 8 Bev, and hence, as 
stated earlier, particles with such 
enormous energies must be present in 
the primary cosmic radiation reaching 
the atmosphere. It was thought at one 
time that these particles were elec¬ 
trons, but it is now known that there 
are very few, if any, electrons in the 
primary radiation. Neutral pi-mesons 
of high energy appear to be a more 
probable source of extensive air show¬ 
ers, the actual showers being initiated 
by the photons resulting from their 
decay. 

18.47. The more common local 
cosmic-ray showers, observed at sea 
level and even below, obviously re¬ 
quire much less energy than do the ex¬ 
tensive showers. Energies of the order 
of 10 8 or 10 9 ev are probably sufficient 
for the purpose. The local showers are 
originated at lower levels in the at¬ 
mosphere from secondary electrons 
produced either by meson decay, or by 
the knock-on of orbital electrons of 
atmospheric* oxygen or nitrogen. The 
great majority of electrons and pho¬ 


tons constituting the soft component 
of cosmic rays near sea level are due 
to local showers produced in this man¬ 
ner at moderate altitudes. 

18.48. Attention may be called here 
to the similarity between the variation 
of atmospheric cosmic-ray intensity, 
mainly that of the soft component, 
with decreasing altitude, as shown in 
Fig. 18.2, and the change in intensity 
of a cascade shower in a cloud cham¬ 
ber (Fig. 18.3). In each case the ion¬ 
ization increases toward a maximum, 
due to the multiplication effect, and 
then decreases, as a result of absorp¬ 
tion. The parallelism between the two 
cases is not exact, as many showers 
are initiated at different levels in the 
atmosphere, but it is nevertheless sig¬ 
nificant. 

18.49. There is one other f;ype of 
cosmic-ray shower to which brief ref¬ 
erence may be made. In 1937, L. 
Fussell of the United States obtained 
a cloud-chamber photograph showing 
tracks of a group of particles pene¬ 
trating several lead plates without 
deviation or multiplication. Sinice that 
time, much evidence has accumulated 
for the occurrence in the atmosphere 
of groups of two or more highly pene¬ 
trating particles; these groups are 
referred to as penetrating showers. 
Two kinds of penetrating showers, 
namely, local and extensive, are dis^ 
tinguished, according to the area they 
cover. The local penetrating showers 
are believed to consist mainly of 
mesons produced in the vicinity of the 
detecting apparatus by collision of an 
energetic nucleon, either a neutron dr 
a proton, with an atomic nucleus 
(§18.52), The phenomena associated 
with the extensive penetrating show¬ 
ers are oomplex and it appears that 
these showers may originate in two or 
more different ways. The main com- 
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ponents are mesons an.l nuclcoris 1 
(neutrons or protons), proba Y 
duced in a nuclear reaction involving 
a particle of very high energy. 

Other Cosmic-Ray Phenomena . 

18 50 Associated with atmospheric 

showers is the phenomenon of cogmc- 

rav bursts, first observed by G. 

„L> in Germany in 1927. A tam* » 

a lar^e instantaneous increase of the 
electrometer current in an ionization 
chamber accompanying the passage of 
cosmic rays. The total rdewed 

when a large burst Is:recorded n o 
+Vl „ order of 10 2 to 10 3 Bev, i.e., 19 
to 10 12 ev. Several different effects 
may be responsible for bursts The 
formation of a large shower either m 1 
the atmosphere above the chamber or 

within its walls or shielding, for e, 
ample, will result in a sudden ioniza¬ 
tion current which would be recorded 
as a burst. There appears to be some 
evidence that ionization bursts are 
frequently found to be associated with 
penetrating showers. 

18 51. During 1936, and even be¬ 
fore, several investigators of cosmic 
rays reported cloud-chamber photo¬ 
graphs showing several tracks meeting 
at a point, somewhat like a star m 
shape! In the following year similar 
cosmic-ray stars were detected m pho¬ 
tographic emulsions, by (Frl. i ■ *■ 

and H. Wambacher in Austna, and 
this technique has proved very con- 

tenien" orV study of the phenom- 

SrTheroi.nodoubtthotstom.to 

due to nuclear disintegrations or ex- 
plosion, in which sovetol strongly^ 
izing particles are emitted. The nuclei 
hid? produce stars in an emidsmn 
are probably those of Bilver of 
bromine, since a large amount of silver 
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bromide is present. However, the fact 
that stars have also been observed m 
cloud chambers shows that they also 
occur in the air, the disintegrating nu¬ 
clei being those of atmospheric oxygen 

° r There is evidence that the 

particles ejected in the | 

process may be mesons, protons alpha 
particles and even heavier nuclei, 
addition, it is probable that nomon- 
1 izing neutrons are produced in these 
nuclear disintegrations; m tact, th 
appears to be an important source of 
the neutrons present m cosmic rays. 
The number of prongs to a star, i 
dicating the number of ionizing par¬ 
ticles produced in disintegrations, 
presumably due to the capture of neg¬ 
ative pi-mesons, generally vanesi frt 
2 to 10.* The average number is d w 
4 there being some increase with alti¬ 
tude, presumably because ot the hig- 
er energy of the particle causing the 
disintegration. The frequency of the 
occurrence of stars increases markedly 
3 tl altitude, a Sfty-fold >n«es* 
has been reported m B ® a 

level to an elevation of 15,000 fe . 

18 53. Although many stars are pro¬ 
duced by the nuclear capture of nega¬ 
tive pi-mesons, they can also result 
from other nuclear mteractions In 
support of this view is the fact tha ■ 
ke frequency of star formation in- 
creases with altitude more rapidly 
than does the pi-meson density. ,.™ ^ 
stars are initiated by protons, ■ 
many arc evidently caused by neutral 
particles, which may be either neu¬ 
trons or photons of high energy. The 
general consensus at the present time 
1 that fast neutrons are responsible 
for a good portion of cosmic-ray stars 

18,54. One of the interesting effects 
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associated with stars is the formation I 
of what are called hammer trucks, in 
which a prong, representing an ejected 
particle lias a “head," resembling that 
of a hammer. These were described by 
C. Franzhietti and li. M. Payne in 
England in 1948, These hammer tracks 
are attributed to the expulsion ot a Id* 
nucleus, which is radioactive, under¬ 
going beta decay, with a half life of 
less than one second, to form Be 3 ; this 
nucleus is extremely unstable and so it | 
splits instantaneously into two alpha 
particles. The latter are expelled in 
opposite directions, at right angles to 
the track of the Li B particle, thus pro¬ 
ducing a hammer like track. 

18.55. In concluding this discussion 
of cosmic-ray phenomena, mention 
may be made of the important dis¬ 
covery during 1948, by P. Freier, E. J. 
Lofgren, E. P. Hey, F. F. Oppen- 
heimer, H. L. Bradt and B. Peters, in 
the United States, of very heavy 
tracks in cloud chambers and in pho¬ 
tographic emulsions. These tracks 
were produced in free balloon flights 
at altitudes up to 94,000 feet and were 
undoubtedly due to relatively heavy 
particles with atomic numbers (nu¬ 
clear charges) ranging from 11 to 41. 
Tracks due to helium, lithium, car¬ 
bon, nitrogen and oxygen nuclei, as 
well as to other elements with atomic 
numbers up to 49, have been detected 
subsequently. It is improbable that 
such nuclei are due to secondary 
causes, and so they must be primary 
cosmic-ray particles. 

The Nature of Cosmic Rays 

18.56. Because of the great com¬ 
plexity of the effects associated with 
cosmic rays, a satisfactory interpreta¬ 
tion of,their behavior is a matter <>r 
some difficulty. The views which will 
be expressed here must be regarded I 
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only us an outline, providing a work¬ 
ing hypothesis that seems to account 
for the more obvious facts. 

18.57. At one time it was thought 
that, cosmic rays consisted of photons 
of high-energy radiation, of shorter 
wave length, and lienee carrying more 
energy, than gamma rays. This theory 
accounted for the remarkable pone- 
tniting power of cosmic rays, but llie 
discovery of the latitude and cast- 
west effects indicated that the primary 
particles were electrically charged. 
The possibility was considered that 
they might be positrons hut, as stated 
earlier, it. is now generally accepted 
that they are very largely protons of 
high energy. It appears from observa¬ 
tions, such as those described in 
§ 18.55, that about 78 per cent of the 
primary particles in cosmic mys nrc 
protons (hydrogen nuclei I, almost INI 
per cent are helium nuclei (alpha par¬ 
ticles), and the remainder, some 2.0 
per cent, are nuclei of heavier ele¬ 
ments. These proportions arc quite 
similar to those in which the elements 
occur in the various parts of the uni¬ 
verse, c.g., in the sun, in the outer 
portions of many stars, and in inter¬ 
stellar gas and dust clouds. If there 
are anv electrons in the primary cos¬ 
mic radiation, they constitute prob¬ 
ably less than 0.2 per cent of the total 
number of particles reaching the top 
of the atmosphere. 

18.58. Turning now to the major 
component of cosmic rays, the pro¬ 
tons, it appears that many of them 
interact with oxygen and nitrogen nu¬ 
clei at the top of the atmosphere pro¬ 
ducing nuclear disintegrations of;vari¬ 
ous kinds. It is probable that in most 
of these processes several pi-mesons, 
positive, negative and neutral, are pro¬ 
duced. If heavier (K) mesons are lib¬ 
erated in the interaction of protons 
with other nuclei, they will break up 
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in a very short time to produce pi- 
mesons in most instances (§18.90). 
The experimental evidence indicates 
that the majority of mesons are cre¬ 
ated at altitudes above 16,000 meters 
or 53,000 feet. Some are undoubtedly 
also formed at lower levels, down to 
5,000 meters or 16,500 feet above sea 
level, in nuclear reactions induced 
mainly by nonionizing particles, either 
neutrons or photons of high energy, 
and to a lesser extent by protons and 
mesons. These nuclear disintegrations, 
in many of which pi-mesons are evi¬ 
dently expelled, are manifested as stars 
in a cloud chamber. Neutrons are 
themselves probably emitted in such 
star-forming disintegrations, although 
others may result from (p,n) proc¬ 
esses between the primary protons 
and nitrogen and oxygen nuclei. 

18.59. At this point it may be con¬ 
sidered if mesons could not be the 
primary cosmic-ray particles, since 
they satisfy the conditions of being 
electrically charged and highly pene¬ 
trating. There is no doubt, however, 
that this could not be the case. The 
average life of a pi-meson is about 
10“ 8 sec., and that of a mu-meson 
about 10 -6 sec., near sea level. At 
higher altitudes, when traveling more 
rapidly, the effect of relativity would 
be to extend somewhat the mean life, 
but in any event, it is doubtful if a 
meson can traverse a distance greater 
than about 30,000 meters or 100,000 
feet before decaying completely. It is 
inconceivable, therefore, that mesons 
formed in outer space, where the cos¬ 
mic radiation originates, would ever 
reach the earth’s atmosphere. Hence, 
it must be concluded that mesons in 
cosmic rays are secondary in nature. 
Incidentally, a similar argument ap¬ 
plies to neutrons. The fact that in the 
free state these particles undergo 
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spontaneous decay (§ 11.8) means 
that neutrons present in cosmic rays 
are also secondary products. 

18.60. In their descent through the 
atmosphere, nearly all the positive pi- 
mesons undergo pi-mu decay, thus 
producing the positive mu-mesons 
found at lower altitudes. Of the nega¬ 
tive pi-mesons, however, some decay 
into mu-mesons, but the majority are 
captured by atomic nuclei resulting in 
star-producing disintegrations of the 
latter. These disintegrations, like those 
initiated by protons, neutrons or pho¬ 
tons, are accompanied by the expul¬ 
sion of pi-mesons, protons and neu¬ 
trons, and possibly also by heavier 
particles, such as the Li 8 believed to 
be responsible for the so-called ham¬ 
mer tracks (§ 18.54). 

18.61. In the course of their down¬ 
ward flight, the mu-mesons, both posi¬ 
tive and negative, collide with orbital 
electrons and accelerate them by the 
knock-on process. In addition, at the 
end of an average period of about 
2 X 10~ 6 sec. following their forma¬ 
tion, the mu-mesons decay and lib¬ 
erate energetic electrons and posi¬ 
trons. Electron-positron pairs of very 
high energy are also produced by the 
photons resulting from the decay of 
neutral pi-mesons. These electrons, 
especially the latter, initiate air- 
showers, and the electrons and pho¬ 
tons of these showers constitute the 
major part of the soft component of 
cosmic rays. Very few mesons are 
found in the lower regions of the at¬ 
mosphere because they disappear by 
decay, but are not replaced by nuclear 
disintegrations, as at very high alti¬ 
tudes, since particles of sufficient en¬ 
ergy are not available. However, a 
small number of highly energetic mes¬ 
ons do reach sea level, and even pene¬ 
trate to considerable depths under the 
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earth’s surface. These are essentially 
the hard component of cosmic rays. 

18.62. In view of the fact that 
hydrogen is by far the most common 
element in the universe, it is not diffi¬ 
cult to believe that protons are the 
chief primary particles of cosmic ra¬ 
diation, even though their origin is 
somewhat of a mystery. In any event, 
it is still necessary to explain how they 
acquire such high energies, sometimes 
up to 10 17 ev, before they reach the 
earth’s atmosphere. The sun un¬ 
doubtedly plays some part in connec¬ 
tion with cosmic-ray phenomena, but 
it is generally accepted that its role is 
of a secondary nature. It has been 
suggested that the energy is derived 
from the fusion of protons to form 
heavier elements or, alternatively, 
from the annihilation of matter, but 
neither of these hypotheses is satisfac¬ 
tory. Several other proposals, which 
seem to be more adequate, have been 
made in which it is postulated that the 
cosmic-ray particles are accelerated 
by magnetic or electric fields in 
space. 

18.63. One of these theories, de¬ 
veloped in the United States by E. 
Fermi in 1949, appears to have some 
merit, although its author realized 
that it is incomplete. In 1943, the 
Swedish scientist H. Alfven put for¬ 
ward the idea that magnetic fields of 
enormous size wander about between 
the stars in the galaxy, known as the 
Milky Way, of which the earth is a 
part. Fermi has suggested that the 
cosmic-ray protons obtain their en¬ 
ergy by repeated interactions with 
these magnetic fields; in other words, 
the energy is not acquired in one step, 
but in a large number of stages. In 
this way considerable energies could 
be built up, although not all the parti¬ 
cles would necessarily have the same 


energy, since some would escape 
sooner than others from the containing 
magnetic fields. 

18.64. In order that particles may 
acquire energy from the galactic mag¬ 
netic fields, they must be injected, as 
nuclei, with a certain minimum en¬ 
ergy. For nuclei of low atomic num¬ 
ber, such as hydrogen and helium, 
these minimum energies are not un¬ 
reasonable in magnitude, e.g., 0.2 to 1 
Bev, but for heavier nuclei, which are 
undoubtedly present as primary parti¬ 
cles in cosmic rays, the required injec¬ 
tion energy would be several hundred 
billion electron volts. It has been sug¬ 
gested that the initial particles aife 
produced by certain stars which are 
known to have strong magnetic fields, 
and (alternatively) from the ex¬ 
ploding stars known as supernovae. 
Nevertheless, the high energies re¬ 
quired for injection of the heavier nu¬ 
clei, so that they may be further ac¬ 
celerated in the wandering galactic 
magnetic fields, represent a basic dif¬ 
ficulty. 

18.65. It may be wondered what 
happens to the energy of the cosmic- 
ray particles falling-upon the earth: 
all of this energy is ultimately de¬ 
graded to heat. As seen above, thfe 
large amounts of energy carried by 
the primary particles are subdivided 
among the secondary particles; these 
are eventually absorbed by matter, so 
that the energy is transferred mainly 
to the molecules of oxygen and nitro¬ 
gen in the atmosphere. In these it ap¬ 
pears as kinetic energy of motion or, 
in other words, as heat. The total 
amount of heat produced in this man¬ 
ner can be calculated by utilizing the 
fact that, at geomagnetic latitudes 
greater than 50°, about twenty cos¬ 
mic-ray particles, on the average, fall 
on eaoh square centimeter at the top 
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of the earth’s atmosphere per minute.* 
At this rate, making allowance for the 
decrease of intensity toward the equa¬ 
tor, it is estimated that a total of 
about 10 20 particles fall on the whole 
of the earth per minute.f If the aver¬ 
age energy per particle is 10 10 ev, the 
total energy is approximately 10 30 ev 
per minute, which corresponds to 
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power production at the rate of less 
than 10 6 kilowatts. This is a very 
minute fraction of the energy derived 
from the sun, and is, in fact, about the 
same as reaches the earth from star¬ 
light! Hence, in spite of the enormous 
energies carried by individual cosmic- 
ray particles, the total energy is of 
little significance. 


STRANGE PARTICLES 


Historical Introduction: Light 
Mesons 

18.66. A brief review of the subject 
of mesons was given in Chapter II. It 
would seem appropriate, however, to 
present a more detailed discussion 
here, since many of the original dis¬ 
coveries in this remarkable area of 
nuclear physics were made in connec¬ 
tion with cosmic-ray studies. With the 
development of machines for the ac¬ 
celeration of particles to high en¬ 
ergies, approaching those in cosmic 
rays, it has been possible to duplicate 
many of the phenomena in the labo¬ 
ratory. As a result, some light has 
been thrown on the manner in which 
mesons and other particles arise in 
nature. After a historical introduction, 
showing how these new and strange 
particles were discovered, their fun¬ 
damental physical properties, which 
are independent of the mode of origin 
of the particles, will be described. 

18.67. Before the existence of the 
meson was established in 1937, scien¬ 
tists experienced difficulty in account¬ 
ing for the nature of the hard com¬ 
ponent of cosmic rays. The possibil¬ 
ities that the particles might be pro¬ 
tons, photons or electrons were con¬ 


sidered, but these views were found to 
meet with many difficulties and had to 
be abandoned. The discovery of the 
meson provided the solution to the 
problem, for it had the properties nec¬ 
essary to account for the observed 
facts. 

18.68. In the summer of 1935, C. D. 
Anderson and S. H. Neddermeyer 
made some cloud-chamber exposures 
on Pike’s Peak in Colorado, and upon 
examining the photographs, during the 
following year, they observed a few 
tracks which could not be attributed 
to either protons or electrons. An ex¬ 
ample of such a track is shown in 
Fig. 18.5; it is the short, heavy track 



Fig. 18.5. Cosmic-ray tracks in cloud 
chamber which led to discovery of the 
meson by Anderson and Neddermeyer. 
(From Phys. Rev., 50, 270 (1936)) 


* At the earth’s surface (sea level) the average number of cosmic-ray particles of all kinds 
is about one per sq. cm. per min. at latitudes greater than 50°. 

t Since 1 gram of hydrogen contains 6,0 X 10 23 individual atoms, the total rest mass of the 
primary cosmic-ray particles falling on the earth per minute, assuming them to be protons, 
is less than a one-thousandth part of a gram! 
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with a slight curvature, pointing up¬ 
ward, originating in the lead plate 
across the cloud chamber.* The cur¬ 
vature of this track indicated that the 
particle had a positive charge; but 
Anderson and Neddermeyer concluded 
that it must lie lighter than a proton, 
although considerably heavier than an 
electron. Almost simultaneously, and 
independently, J. C. Street and E. C. 
Stevenson obtained a cloud-chamber 
photograph of a cosmic-ray particle 
which had passed through an 11 cm. 
block of lead, and which was near the 
end of its path. From the specific 
ionization, and the length and curva¬ 
ture of the path, the track was found 
to be that of a negative particle, with 
a mass estimated to be about 130 m e , 
where m e represents the mass of an 
electron. 

18.69. During 1937 and 1938, con¬ 
firmation was obtained from various 
sources of the existence in cosmic rays 
of particles lighter than a proton but 
about 200 times as heavy as an elec¬ 
tron; such particles were found to 
cany either a positive or a negative 
charge. Anderson and Neddermeyer 
proposed to call them mesotrons t from 
the Greek meso , meaning interme¬ 
diate, since their mass lies between 
that of a proton and that of an elec¬ 
tron. However, the abbreviated form 
meson , suggested by the Indian phys¬ 
icist, H. J. Bhabha, has now been 
universally adopted.f 

18.70. As stated in §2.125, there : 
appeared to be good reasons for be¬ 
lieving that the meson described above 


did not have the properties of the 
particle postulated by H. Yukawa 
(§ 12.22) to account for nuclear 
forces. It was calculated that the mass 
of the latter should be greater than 
200 ra e , but before 1947 there was no 
evidence of the existence of more than 
one type of intermediate particle. In 
that year, however, C. F. Powell and 
, G. P. S. Occhialini, and their collabo¬ 
rators in England, showed that the 
two kinds of mesons, with different 
masses, exist. Upon developing photo¬ 
graphic plates with emulsions of a 
special type suitable for recording 
cosmic-ray and nuclear phenomena, 
after exposure for some time at high 
altitudes in the Bolivian Andes, tracks 
were obtained which indicated the 
presence of a meson, with a mass ap¬ 
proximately 300 m e and consequently 
heavier than the previously known 
meson. Further, the interesting point 
was noted that toward the end of its 
path in the emulsion, when the heavier 
meson had slowed down, it changed 
spontaneously into the lighter meson, 
with a mass about 200 m e . In order to 
distinguish the two mesons, the heav¬ 
ier one is called the 'pi ( 7 r) meson 
and the lighter is known as the mu 
(/*) meson , and the change from pi- 
meson to mu-meson is referred to as 
pi-mu decay. Mesons of each type 
were found to exist with either a posi¬ 
tive or a negative charge. 

18.71. Speculations concerning the 
origin of the mesons in cosmic rays 
suggested that they were formed by 
a primary proton of high energy in- 


in *i •? h ° togra P h ' Produced by cosmic rays, published by P. Kunze in Germany 

at the time P d °° ntain a track due to a meson > but its significance was not reaTzed 
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teracting with another proton, either 
in the free state or, more probably, 
one bound in an atomic nucleus. If this 
were the case, then it should perhaps 
be possible to produce mesons artifi¬ 
cially in the laboratory by the use of 
particles accelerated by means of a 
cyclotron, or in a similar manner 
(Chapter IX). According to equation 
(3.16), the energy, in Mev, equivalent 
to a mass in grams, is obtained upon 
multiplying the latter by the factor 


in 1948 by E. Gardner and the Bra¬ 
zilian physicist C. M. G. Lattes. They 
allowed a beam of 380-Mev alpha par¬ 
ticles from the Berkeley synchro¬ 
cyclotron (§ 9.66) to impinge on the 
edge of a target, the nature of which 
was not critical; actually, carbon was 
used for most of the studies, but simi¬ 
lar results were obtained with targets 
of beryllium, copper and uranium. A 
stack of photographic plates, suitably 
protected from extraneous radiations, 





50 MICRONS 


Fig. 18.6. Track in photographic emulsion of a negative pi-meson; the particle entered 
at the right and was captured by a nucleus, forming a star, at the left. This is the first 
instance of the artificial production of mesons. (University of California Radiation 

Laboratory.) 


5.6 X 10 26 . The mass of an electron 
is 9.1 X 10 -28 gram (§ 2.56), and the 
mass of the pi-meson is approximately 
300 times this amount. Consequently, 
the energy which must be available 
for the creation of a pi-meson is 300 X 
9.1 X 10- 28 X 5.6 X 10 26 = 150 Mev. 
This energy is a minimum and does 
not allow for the fact that some energy 
(or momentum) is carried off by vari¬ 
ous nucleons which may be present 
(§9.105). It seemed, therefore, that 
if particles of about 300-Mev energy 
were allowed to interact with atomic 
nuclei, mesons should be produced. 

18.72. The first report of the identi¬ 
fication of artificially produced mesons 
was made in the United States early 


was placed in the region where the 
mesons were expected to arrive, and 
upon development a number of tracks, 
definitely due to pi-mesons, were ob¬ 
served. The first mesons to be detected 
in this manner were negatively 
charged, because of the particular 
experimental arrangement used (Fig. 
18.6). Later, the position of the tar¬ 
get was changed so as to permit the 
detection of positive mesons which 
were deflected by the magnetic field in 
a direction opposite to that of the 
negative mesons mentioned above. In 
addition to pi-mesons, positive mu- 
mesons were observed, and also a few 
negative mu-mesons. Perhaps because 
of the short distances involved, no 
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pi-mu decay was noted in flight. It 
appears that the mu-mesons detected 
resulted from the decay of pi-mesons 
which remained in the target. 

18.73. The mesons in cosmic rays do 
not, of course, originate from alpha 
particles, and these are not essential 
to the artificial production of pi- 
mesons. During 1949 such mesons 
were detected, using either protons 
or deuterons accelerated by the syn¬ 
chrocyclotron, or recoil neutrons pro¬ 
duced by 345-Mev protons. These pi- 
mesons presumably resulted from 
nucleon-nucleon interactions. In addi¬ 
tion, it was reported by E. M. Mc¬ 
Millan and J. M. Peterson that 
pi-mesons can be produced by the 
action of energetic photons, i.e., radia¬ 
tion of high energy, with atomic 
nuclei. It is of interest to record that 
this was the first discovery to be made 
with the aid of the Berkeley Radia¬ 
tion Laboratory electron synchrotron, 
described in § 9.88. The accelerated 
(335-Mev) electrons were allowed to 
fall on an anticathode, thus yielding 
the high-energy X-rays which pro¬ 
duced the mesons in their passage 
through a stack of photographic plates 
or through a slab of matter in the 
vicinity of these plates. The great 
majority of the mesons formed were 
negative pi-mesons and a few cases 
of pi-mu decay were observed. 

18.74. Although the existence of a 
neutral njeson had been postulated 
by Yukawa in 1935 and its properties 
had been predicted by others, on theo¬ 
retical grounds, the first definite evi¬ 
dence for the existence of such a par¬ 
ticle was obtained in 1950 by R. 
Bjorklund, W. E. Crandall, B. J. 
Moyer and H. F. York at the Univer¬ 
sity of California Radiation Labo¬ 
ratory. When targets of carbon, beryl¬ 
lium and other clcmonts were struck 
by protons with onorgy exceoding 175 


Mev, gamma-ray photons were pro¬ 
duced with characteristics best ex¬ 
plained by assuming that they were 
formed by the spontaneous decay of 
a neutral pi-meson into two photons. 
Shortly thereafter, J. Steinberger, 
W. K. H. Panofsky and J. S. Steller 
obtained conclusive evidence for the 
existence of neutral pi-mesons, in the 
bombardment of a beryllium (or 
other) target by high-energy protons. 
These scientists used scintillation 
counters, appropriately located with 
respect to the target, to detect coinci¬ 
dences between pairs of gamma-ray 
photons produced simultaneously by 
the decay of neutral pi-mesons. The 
observed minimum energy per photon 
(about 70 Mev) was in agreement 
with that expected from the disappear¬ 
ance of a particle with a mass of 
roughly 280 m ey that is, a pi-meson. 
These experiments proved that posi¬ 
tive, negative and neutral pi-mesons 
are produced simultaneously iii high- 
energy nucleon interactions. 

Historical Introduction: Heavy 
Mesons and Hyperons' 

18.75. In 1944, L. Leprince-Ringuet 
and M. U heretier in France obtained 
a single cloud-chamber photograph 
suggesting the existence, in cosmic 
rays, of a particle of mass about 
1000 m e . Some three years later, G. D. 
Rochester and C. C. Butler, of the 
University of Manchester (England) 
cosmic-ray group, observed a branched 
(or V-shaped) track in a Wilson cloud 
chamber. One branch was shown to be 
consistent with a charged particle of 
roughly 1000 m e , whereas the other 
was probably due to a pi-meson which 
was one of the decay products of the 
heavier particle. What was being ob¬ 
served was the decay in flight of the 
1000 particle into a pi-meson and 
at least one othor (neutral) particle, 
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probably also a pi-meson, which left 
no track in the cloud chamber. Be¬ 
cause of the shape of the visible 
tracks, the heavy particle was origi¬ 
nally called a charged V-particle, but 
this name is no longer used, since V- 
shaped tracks are produced by par¬ 
ticles of different types, as will shortly 
be apparent. At the present time, the 
practice is to speak of these phenom¬ 
ena as V-events, rather than V-par- 
ticles. 

18.76. In addition to the charged 
V-event described above, Rochester 
and Butler also noted a V-shaped 
track representing the decay in flight 
of a neutral particle, with a mass esti¬ 
mated to lie between 700 and 1200 
m e , into two oppositely charged 
mesons. The original particle, being 
neutral, produced no visible track and 
the two branches of the V-shaped 
track were due to the mesons formed 
by its decay. There was thus evidence 
for the existence of both neutral and 
charged particles; the former was rep¬ 
resented by the symbol V 2 ° (to distin¬ 
guish it from another neutral V-par¬ 
ticle called Vi°) and the latter by V*, 
but these representations are no longer 
used. 

18.77. Since 1949, evidence has been 
obtained from tracks in cloud cham¬ 
bers and photographic emulsions of 
the existence of several different types 
of mesons, all of which have a mass 
of about 1000 m e but which decay in 
different ways. These are now called 
^-particles (or K-mesons), although 
some have specific symbols, as will be 
indicated below. Prior to 1953, all the 
information concerning K-mesons was 
obtained from cosmic-ray studies, but 
in that year the Brookhaven Cosmo- 
tron (and later the Berkeley Beva- 
tron) commenced production of these 
mesons in quantity. One method used 
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is to bombard copper (or other heavy 
element) with protons of 2-Bev (or 
more) energy; alternatively, a beam of 
1.5-Bev (at least) negative pi-mesons, 
produced by the interaction of high- 
energy protons with matter (§ 18.73), 
is allowed to impinge on a stack of 
photographic emulsions, just as if the 
latter were exposed to cosmic rays. 
Although FC-mesons are less abundant 
than pi- or mu-mesons, all the types 
observed in nature, i.e., in cosmic rays, 
can now be readily obtained artifi¬ 
cially and studied in the laboratory. 

18.78. When Rochester and Butler 
reported the two V-events referred to 
above, they also described a third 
such cloud-chamber event: a neutral 
particle, called Vi°, with a mass of 
approximately 2000 m e , decayed into 
two charged particles, one of which 
was apparently a proton and the other 
a negative pi-meson. This was the first 
evidence for the existence of a new 
kind of particle, now referred to as 
a hyperon * with a mass greater than 
that of a neutron (or proton). In addi¬ 
tion to the neutral hyperon, charged 
hyperons of somewhat higher mass 
have been detected. One of these is 
called a cascade particle; it is a nega¬ 
tively charged hyperon which decays 
into a lighter neutral hyperon and a 
negative pi-meson. Within a very short 
time, the neutral hyperon decays, 
mainly into a proton and another pi- 
meson. Subsequently, the pi-mesons, 
if not captured, decay into mu-mesons, 
which finally yield electrons (and 
neutrinos), as explained below. It was 
on account of this succession of decay 
stages that the term cascade was 
used to describe the particle. 

18.79. The latest type of strange 
particles to be discovered are called 
hyperfragments , the existence of which 
was inferred by the Polish scientists 


* From the Greek prefix hyper-, meaning over or above. 
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M. Danysz and J. Pnxewski in 1953 
from the tracks in photographic emul¬ 
sions exposed to cosmic rays at an 
altitude of 85.000 feet. Similar tracks 
have since been produced in the labo¬ 
ratory, by bombardment with negative 
pi-mesons of high energy. They are 
due to nuclei, most commonly of light 
elements, such as hydrogen, helium, 
lithium, beryllium, carbon, etc., in 
which a neutron has been replaced 
by a neutral hyperon. 

18.80. Because of the somewhat 
haphazard manner in which the vari¬ 
ous mesons and hyperons were origi¬ 
nally named, the International Con¬ 
gress on Cosmic Radiation, at its 
meeting in France in 1953, suggested 
a system of nomenclature which will 
be adopted here * Excluding hyper- 
fragments, which are really nuclei of 
a special kind, three mass categories 
are recognized, indicated by the let¬ 
ters L } K and Y respectively; thus, 

L (light mesons): mass between 
electron and pi-meson (1 to 283 
m e ) 

K (heavy mesons): mass between 
pi-meson and proton (283 to 
1836 m e ) 

Y (hyperons): mass between proton 
and deuteron (1836 to 3670 m e ). 

A specific particle, falling within one 
or other of these groups, may be repre¬ 
sented by a Greek letter—a lower case 
letter for L-mesons, e.g., and ^ and 
Ff-mesons, e.g.. r, 9 . k, and a capital 
for hyperons, e.g., A, 2 and S, Ordi¬ 
nary capital letters, such as V (indi¬ 


cating a V-shaped track) and S (for 
a particle stopped in a plate across a 
cloud chamber), are used to describe 
events, e.g., V-event and S-event, re¬ 
spectively. Some of the particles which 
have been formerly described as V- 
particles and S-particles are actually 
FC-mesons. 

Experimental Methods 

18.81. Three general techniques are 
used for determining the masses and 
observing the general behavior of par¬ 
ticles either present in cosmic rays or 
produced in the laboratory; these in¬ 
volve (1) the Wilson cloud chamber 
in a magnetic field; (2) the cloud 
| chamber with several parallel metal 
plates across it; and (3) stacks of 
photographic emulsion, preferably in 
the form of pellicles (§ 6.88)* For 
laboratory work, the bubble chamber, 
with liquid hydrogen or pentane 
(§ 6.81), has been much used in recent 
years, since it combines the attributes 
of the cloud chamber with some of the 
photographic emulsion. Cloud and 
bubble chambers are best adapted to 
the study of decay of a partic 1c in 
flight, whereas the multiplate cloud 
chamber and photographic emulsions 
provide information on the behavior 
of the particle when brought virtually 
to rest. 

18.82. A cloud (or bubble) cham¬ 
ber in a magnetic field can be used 
to determine the mass of the particle, 
provided its velocity is less than about 
80 per cent of the velocity of light, 
From the number of droplets (or bub- 
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hies) per unit track length the velocity 
of the ionizing particle can he esti¬ 
mated. By combining this result with 
the momentum derived from the cur¬ 
vature of the track in a magnetic field, 
the mass of the particle can be calcu¬ 
lated. From the tracks in photographic 
emulsions, the particle mass is most 
conveniently estimated from such in¬ 
formation as the number of visible 
grains per unit track length, the range 
of the particle and the deviation in 
the trajectory due to small-angle 
Coulomb scattering (§ 6.90). 

18.83. An important and charac¬ 
teristic property of the unstable par¬ 
ticles under consideration is their 
average Hfe f often referred to as the 
lifetime , This is defined in very much 
the same way as the average life of 
a radioactive nuclide (§5,39); thus, 
if iV 0 is the number of mesons or other 
particles present at a certain time, 
arbitrarily taken as the zero time, and 
N t is the number at a time t later, 
then, as in equation (5.3), 

N t = N Q e~ n , 

where \ is the meson decay constant. 
The lifetime r is the reciprocal of the 
decay constant and so N t = Noe ~ f/ '■, 
or 

Nt/No = e~ (/T . (18.1) 

Consequently, if the ratio of the num¬ 
bers of mesons present at two different 
times can be measured, the lifetime r 
can be readily calculated. Because 
meson speeds, especially in cosmic 
rays, are sometimes very high, the 
effect of relativity in expanding the 
time dimension, by the factor 
y/1 - v a /c* as given in § 3.69, will be 
significant. The lifetimes (and masses) 
of mesons and hyperons are usually 
recorded for low velocities, generally 
referred to as the “rest” values. When 
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the velocity approaches that of light, 
however, both the lifetime and the 
mass are larger than the respective 
rest values. 

18.84. Although the determination 
of the lifetime of an unstable particle, 
based on equation (18.1), is simple 
in principle, the experimental tech¬ 
nique is very complicated for several 
reasons. In the first place, the longest 
observed lifetimes are about a mil¬ 
lionth (10~ 6 ) of a second and may be 
as small as 10' 14 sec. Further, the 
“beams” occurring in nature or ob¬ 
tained in the laboratory invariably 
contain many different particles, and 
it is necessary to make sure that only 
one kind is being counted. In any 
case, the number of mesons is usually 
small, so that statistical errors in 
counting are relatively large. Finally, 
measurements must be made on par¬ 
ticles of low velocity, i.e., “stopped” 
particles, in order to avoid the rela¬ 
tivity effect. A correction for the 
latter could be made if the particle 
velocity were known, but this is an 
added complication. These difficulties 
have been largely overcome, so that 
the longer lifetimes, at least, can be 
measured with reasonable accuracy. 
The particles are slowed down by pas¬ 
sage through so-called “absorbers,” 
and accurate timing of short intervals 
is achieved by means of special elec¬ 
tronic circuits. For counting the par¬ 
ticles after different intervals, various 
coincidence and anticoincidence cir¬ 
cuits are employed to make sure, as 
far as possible, that unwanted par¬ 
ticles are eliminated. 

Properties of L-Mesons 

18.85. The main characteristics of 
the five known L-mesons, namely, 
positive, negative and neutral pi- 
mesons (pions) and positive and 
negative mu-mesons (muons), are 
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given in the accompanying table. In 
the decay schemes, the symbol v refers 
to a neutrino (or antineutrino) and 
e+ and e~ represent positive and neg¬ 
ative electrons, respectively. Since the 
neutrinos and electrons have spins of 
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that interaction occurs with a nuclear 
proton (p+), i.e., 

7 r + p + (in nucleus) —> n + energy. 

As a result of the energy available to 
the nucleus, one or more neutrons are 
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Particle 

Name 

Symbol 

Mass 

(m e ) 

Lifetime 

(sec.) 

Spin 

Decay Scheme 

Positive pi-meson 

7T + 

273.3 

2.5 X 10 “ 8 

0 

fC + v 

Negative pi-meson 

7T 

272.8 

2.5 X lO - 8 

0 

+ v 

Neutral pi-meson 

7T° 

264.3 

-5 X 10 “ 16 

0 

2 y (or e + e~ + 7 ) 

Positive mu-meson 

M + 

206.7 

2.15 X 10 ~ 8 

Y* 

+ 2v 

Negative mu-meson 

M 

206.7 

2.15 X lO ” 6 

Yz 

e~ + 2v 


there is conservation of spin in all 
the indicated decay schemes. Posi¬ 
tive pions do not interact with 
nuclei to any appreciable extent 
and so they almost invariably decay 
into a positive muon and a neutrino, 
with a mean lifetime of 2.5 X 10 -8 
sec. Slowed-down negative pions, on 
the other hand, are often trapped in 
the mesonic orbits of atoms, as ex¬ 
plained in § 4.77, et seq . Most of the 
trapped negative pions are captured 
by the nucleus, in a very short time, 
and as a result the nucleus is disin¬ 
tegrated, as is evident from star for¬ 
mation, either in a cloud (or bubble) 
chamber or in a photographic emul¬ 
sion (Fig. 18.6). These stars usually 
have one, two or three prongs; occa¬ 
sionally, the number is larger, but 
stars with six (or more) prongs are 
relatively rare. The products are 
mainly alpha particles, protons and 
neutrons, the latter leaving no tracks. 
In some (about 25 per cent) instances, 
capture of the negative pion produces 
no visible effect, and it is believed 


emitted. Since neutrons produce no 
ionization in the photographic' emul¬ 
sion, they leave no tracks.* Negative 
pions which survive capture by nuclei, 
decay in the same way as do positive 
pions, and with approximately the 
same lifetime. 

18.86. When a negative pion is cap¬ 
tured by a free proton, i.e., one not 
part of a more complex nucleus, two 
particles must be formed, in. order 
that momentum may be conserved. 
Two reactions have . been identified, 
namely, 

7 T - + p + —> n + 7 

and 

7T“ + p + —> n + 7T° —» n + 2y. 

In the first, the products are a neutron 
and a gamma-ray photon; in the sec¬ 
ond, a neutron and a neutral pion are 
initially formed, but the latter very 
rapidly decays into two photons. Re¬ 
calling that the photon has a spin o,f 
unity, it will be seen that spin is con¬ 
served in each case. It is of interest 
to note that a deuteron behaves in a 


* Before Ihe phenomena were well understood, negative pions, forming slurs upon capture, 
were called sigmu-mesons, the Greek letter sigma being the equivalent of s, the initial letler 
of siar. The term rlio-mesons (Greek rho % equivalent to r for rest) whs unplied 1o those 
mesons which ciime to rest, in emulsions without producing any observable event; most 
negative muons, us well as some negative pinna, behave in this manner, 
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manner intermediate between a free 
proton, on the one hand, and more 
complex nuclei, on the other hand. 
The main reaction with negative pions 
is 

7 T - + d + —► n + n + energy, 

as with heavier nuclei, but the forma¬ 
tion of gamma radiation, i.e., 

7T _ + d + —► n + n + 7, 

also occurs to some extent. There is, 
however, no evidence that a neutral 
pi-meson is produced. 

18.87. Positive mu-mesons, like pos¬ 
itive pions, generally decay without 
interaction with nuclei; the products 
are a positron and two neutrinos, and 
the mean life is 2.15 X 10 -6 sec. Al¬ 
though slow negative muons are fre¬ 
quently trapped in appropriate orbits 
to form mu-mesonic atoms, the proba¬ 
bility of nuclear capture is much less 
than with the corresponding pi- 
mesonic atoms. As seen earlier, the 
interaction between muons and atomic 
nuclei is relatively weak. For nuclei 
with atomic number less than 12 or so, 
negative muons generally survive cap¬ 
ture; they then decay, like the positive 
muons, into a negative electron and 
two neutrinos with a lifetime of 2.15 X 
10 -6 sec. With nuclei of increasing 
atomic number, the probability of 
capturing the negative muon increases, 
and for atomic numbers of 12 or more, 
most of the muons are absorbed in 
the nuclei by which they have become 
trapped. The final result of the ab¬ 
sorption is the conversion of a neutron 
into a proton, plus a neutrino; thus, 

U~ + p + (in nucleus) —> n + v. 

The neutron may be ejected, but the 
event is not visible in a cloud (or 
bubble) chamber or in a photographic 
emulsion. Thus, muons do not produce 
stars. 
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18.88. Neutral pions have an ex¬ 
tremely short life of not more than 
5 X 10 ~ 15 sec. The chief mode of decay 
results in the formation of two gam¬ 
ma-ray photons, but some neutral 
pions yield a positron-electron pair 
and one photon. There is no evidence 
that a neutral muon is an intermediate 
stage in either case. In fact, theo¬ 
retical considerations make it seem 
probable that a neutral muon does not 
exist. 

18.89. Provided sufficient energy is 
available, it appears that almost any 
interaction with a nucleon can result 
in the production of pi-mesons. This 
is in agreement with the view (§ 12.36, 
footnote) that the virtual pi-mesons, 
which are believed to be associated 
with all nucleons, can be converted 
into free pi-mesons by means of a 
projectile having the required amount 
of energy. In the laboratory, pi- 
mesons—positive, negative and neu¬ 
tral—have been produced by bom¬ 
barding various materials with high- 
energy protons, alpha particles, neu¬ 
trons 0 £ photons. Similarly, the pi- 
mesons in cosmic rays undoubtedly 
result from the interaction of the pri¬ 
mary protons with protons and neu¬ 
trons in various nuclei. Pi-mesons are 
often emitted in nuclear disintegra- 
tions* apparent as stars, brought about 
by particles of high energy. Mu- 
mesons, on the other hand, are never 
observed in nucleon reactions, but 
only as the decay products of other 
(pi- or K-) mesons. 

Properties of X-Mesons 

18.90. Because of the complex 
character of the experimental obser¬ 
vations made in connection with X- 
particles, the situation regarding the 
nature and identity of these particles 
was at first somewhat confused. How¬ 
ever, by bringing newly developed 
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theoretical concepts to bear on the 
problems, considerable clarification 
has resulted. It now appears that there 
are four mesons: one positive (X+), 
one negative (X~) and two neutral 
(Xi° and X 2 °) particles. The charged 
X-mesons have essentially equal 
masses (966.5 m r l, but the neutral 
particles may be somewhat lighter 
(965 m e ). Each of the charged X- 
mesons decays in six different ways, 
the mean lifetime being the same in 
each case, namely, about 1.2 X 10 -8 
sec. The neutral X 3 °-meson has a 
much shorter life, close to 10 -10 sec., 
and has apparently only two modes of 
decay, in each of which only two par¬ 
ticles are formed. On the other hand, 
the X 2 °-meson decays in six ways, 
producing three lighter particles in 
each case; its lifetime, which is close 
to that of the charged mesons, is 
greater than 10“ 8 sec. 

18.91. The characteristics of the 


X-mesons are summarized in the ac¬ 
companying tabic. The decay symbol 
represents a method sometimes used 
to specify the decay mode. The 
Greek or Roman letter in the sub¬ 
script, i.e., 7 r, fi or e, indicates the 
charged particle formed and the nu¬ 
meral gives the total number of par¬ 
ticles produced in the decay process. 
The Greek letters in the last column, 
which also describe particular modes 
of decay, are a relic of the historical 
development of the subject of X- 
mesons. When the discoveries of the 
new particles were first made and their 
nature was not apparent, they were 
identified by the letters r, k, 0 , etc! It 
will be noted that all the modes of 
decay are consistent with the view 
that X-mcsons have zero spin. 

18.92. It is probable that, after 
slowing down, X“-mesons ar^ trapped 
in orbital levels surrounding atomic 
nuclei, so that A"-mesonic atoms may 


Characteristics of K - Mesons 


Particle 

Mass 

Lifetime 

Decay 

Decay 


Name 


(sec.) 

Scheme 

Symbol 

.Type 

A" + -meson 

966.5 

1.2 X IIP 8 

» + + ^ 

Kt, 

_ _ 




! 7T+ + 7T ft 

K%, 

e + (or x + ) 




I 7r + -|- 7r~*“ -|- 7r" 

Ki, 

T + 




+ tt" + * 

| K% 

K + 




+ 7T° + V 

Ki, 

— 




7T + + 7T° ‘+ 7T n 

k 

T + f 

K~- meson 

966.5 

1.2 X 10-* 

+ v 


_L. 




7T"~ + 7T° 

Ki, 

(or x~) 




7T —|— TT~~ —(— 7T° 

K-rr, 

T^~ 




+ 7T° + V 

Ki, 

K~ 




e~ + 7T° + V 

Ki, 

— 




7T —f“ 7T° —|— 7T 0 

K'i, 

T~ r 

AV-meson 

965 

^ 10-™ 

7T + + 7r - 
7T° + 7T° 


d 6 

AV-meson 

965 

>10~ 8 

7T+ + e" + 

+ e + + v 

+ p + * 

ir~ + /i + + v 

ir + + ir” + ir° 

IT* + 7T° + T° 
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Particle 

Name 

Symbol 

Mass 

(nte) 

Lifetime 

(sec.) 

Decay Scheme 

Lambda 

A" 

2182 

3 X 10 -10 

p + + 7 r~ and n + 7r° 

Sigma 

2 1 ' 

2327 

0.7 X I0' 10 

p + + 7 r n and n + 7r + 

Sigma 

2“ 

2343 

1.5 X lO” 10 

n + 7T _ 

Sigma 

2 (> 

~2325 

? 

A 0 + y 

Xi (Cascade) 

Z~ 

2585 

~2 X lO' 10 

t r“ + A 0 (—> p + + 7T ) 


well exist. If this is the case, these 
mesons will be even closer to the 
nucleus than are pi-mesons. Capture 
of A _ -mesons apparently results in 
nuclear disintegrations in which hy¬ 
perons and hyperfragments are often 
produced. If captured by a proton, a 
positive hyperon (2 + ) is formed to¬ 
gether with a negative pi-meson; thus, 

K~ + —> 7T + 2 + . 

Subsequently, both the hyperon and 
pion undergo further reactions.* 

18.93. Since A-mesons are formed 
by bombardment of nuclei with high- 
energy protons or negative pions, and 
are also known to be frequently 
emitted in nuclear disintegrations 
(stars), it may be assumed that, like 
pi-mesons, they are direct products of 
nucleon-nucleon interactions. It is pos¬ 
sible, therefore, that A-mesons may 
be involved in some way in inter- 
nuclear forces. From their mass, it can 
be inferred that the effective range of 
such forces must be even less than 
those due to pions (§ 12.29). 

Properties of Hyperons 

18.94. Five hyperons appear to be 
definitely established, although more 


may be discovered as research in the 
field continues; one of these was the 
original Vi° particle (§18.78), now 
called A 0 (Greek, Lambda) because 
this Greek letter looks like an in¬ 
verted V. Another hyperon is the 
cascade particle, represented by E 
(Greek, Xi) ; the three others are 2 + , 
2“ and 2° (Greek, Sigma). The essen¬ 
tial characteristics are presented in the 
table given above. Like the neutron 
and proton, the hyperons have a 
spin of x /2 unit. According to a theory 
which has proved highly successful in 
correlating the known mesons and 
hyperons and in predicting others, 
three other 2 particles, representing 
the anti-particles (§ 2.80) of those 
given in the table, should exist. In 
addition, there should be a neutral E 
particle, as well as two anti-particles, 
one positive and one neutral. 

18.95. Hyperons appear to be 
formed by the interaction of K~ - or 
L _ -mesons with nucleons. They have 
been observed in cosmic-ray events 
and also in the laboratory by exposing 
a bubble chamber, containing liquid 
hydrogen (or a compound of hydro¬ 
gen) , to high-energy negative pi- 
mesons. They are also emitted from 


*The hydrogen bubble chamber tracks in Fig. 6.11 show these processes. A K~- meson 
enters at the top somewhat right of center; it moves downward, slightly to the right, and 
collides with a proton but does not interact. The proton is scattered to the right and the 
/C-meson to the left. After traveling a short distance, the scattered A'-meson comes to rest 
and is captured by a proton forming X + and it". The moves diagonally downward to the 
left, while the 2 + goes a short distance diagonally upward to the right. The latter particle 
then decays into a neutron, which produces no track, and a v* which travels upward to the 
left, thus giving a V-like event. 


583 


Cosmic Rays and Strange Particles 


stars accompanying the capture of 
A-mesons. The formation of hyperons 
differs in one important respect from 
the production of K- or L-mesons. In 
the latter instances, sufficient energy 
must be available to “create” or “ma¬ 
terialize” the particle. But such is not 
the case for hyperon formation; in 
other words, they are produced from 
pre-existing nucleons and are not 
materialized out of energy. This sug¬ 
gests that a hyperon may be regarded 
as a kind of excited nucleon which 
subsequently emits a pion (or two 
pions), just as a conventional excited 
nucleon emits a photon. 

The “Strangeness” Number 

18.96. There is strong evidence that 


in Japan, there has been developed a 
new kind of quantum number, called 
the “strangeness” .number, for nucle¬ 
ons, mesons and hyperons. 

18.97. The strangeness number is 
related to a quantity called, somewhat 
misleadingly, isotopic spin. If 7 is the 
isotopic spin of a particle, then 27 -f 1 
particles of similar mass, but with dif¬ 
ferent electrical charges, should exist. 
For example, nucleons have 7 = y 2 , so 
that there are two such particles, 
namely, protons and neutrons. The 
isotopic spin components are -\~y% (for 
protons) and —*4 (for neutrons). In 
the table on page* 584 are given 
examples of common isotopic spins.* 
The strangeness number is then (de¬ 
fined by 


Strangeness number 

= ^ (Charge — Isotopic spin component) — Number of fiucleons. 


the formation of a hyperon is gen¬ 
erally, if not always, accompanied by 
the production of another particle, 
usually a A-meson, and vice versa; 
this is referred to as associated pro¬ 
duction. For example, a negative pi- 
meson and a proton give rise to at 
least two pairs of products; thus, 

-> 2- + K+ 

7T + p + - 

—> A° + K° 

and possibly also 2~ + K°. The phe¬ 
nomenon of associated production, the 
realization of which is largely due to 
A. Pais (1952) in the United States, 
is believed to imply the operation of 
some kind of conservation principle, 
although exactly what is conserved is 
not altogether clear. As a result of the 
theoretical studies, made independ¬ 
ently in 1953 by M. Gell-Mann in 
the United States and K. Nishijima 


Consider, for example, the 2 + -par¬ 
ticle; the charge is +1, the isotopic 
spin component is +1, and its mass 
(2327 m e ) shows that it contains one 
nucleon; hence, 

Strangeness number of 2+ 

= 2 (1 — l) — 1-1. 

18.98. Based on the information 
given above, the strangeness numbers 
for various particles have been deter¬ 
mined and are quoted in the following 
table. It will be observed that pi- 
mesons, like protons and neutrons, 
have zero strangeness and so are not 
really “strange” particles. In what 
are called “strong” interactions, re- 


Strangeness Numbers 


Strangeness number 

+1 

0 

-1 

-2 


Particle 

p, n, 7T + , 7r" , IT 0 

A 0 , 2°, 2+ 2-, K ~ 
3", S° 


* In some oum-vIi., A*; p+, n; K\ K»; H‘, E°; and X+, Z\ Z-—anti-particle* are expected 
to oxmt. Homo of uiomo uro known, while othorn remain to ho dinoovorod. 
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Isotopic Spin 

00 

Number of Particles 
(2 1 + 1) 

Spin Components 

Examples 

0 

1 

0 

A 0 

H 

2 

+X, -M 

p+, n 

K + , 

'JO v- 

(—( J f) 

1 

3 

+ 1, 0, -1 

7r + , tt u , 7r - 
2+ 2°, 2“ 


quiring large amounts of energy and 
taking place very rapidly, e.g., within 
10“ 22 sec. or so, the strangeness num¬ 
ber is conserved. This is, for example, 
the case for the two tt~ + p + reac¬ 
tions given above; the net value of 
the strangeness number is zero for the 
reacting species and also for the prod¬ 
ucts. Unless there were associated 
production, it would not have been 
possible for the strangeness number to 
be conserved. For “weak” interactions, 
with lifetimes of the order of 10 -10 
sec. or more, such as Iv-meson and 
hyperon decays, the strangeness num¬ 
ber is not conserved; the change, in 
all known cases, is +1 or —1. 

18.99. The scheme based on the 
strangeness number has been found to 
be consistent with experimental obser¬ 
vations. It has also proved useful in 
interpreting cloud (and bubble) 
chamber and photographic emulsion 
phenomena due to cosmic rays and to 
mesons produced in the laboratory. 
However, it has not yet been possible 
to assign any obvious physical signifi¬ 
cance to the strangeness number. It 
may, in fact, prove to be a manifesta¬ 
tion of a fundamental, but yet un¬ 
known, property of material particles, 
including nucleons. 

11 VP ERFKAG M ENTS 

18.100. Evidence for the existence 
of hyperfragments has been obtained 


mainly from a study of stars pro¬ 
duced by the interaction of negative 
mesons or hyperons in photographic 
emulsions. Among those which have 
been detected, mention may be made 
of the following: H 2 *, H 3 *, H 4 *, He 4 *, 
He 5 *, Li 6 *, Li 8 *, Be 7 *, Be 8 *, Be 9 * and 
C 11 *. The superscript gives the integer 
nearest to the actual mass, and the 
asterisk is used, by convention, to 
represent a hyperfragment. In each 
case, a hyperon, usually a A° particle, 
is bound in (or to) an atomic nucleus. 
The binding energy is in the million 
electron volt range, but is less than 
for a neutron or a proton, so that the 
hyperfragments are unstable. Their 
average life is about 10~ u or 10 12 
sec. 

18.101. Hyperfragments can decay 
in two different ways. The first, called 
mesonic decay, involves the emission 
of a negative pi-meson and sometimes 
a nucleon in addition; thus, one mode 
of decay of He 5 *, among others, is 

He 5 * He 4 + p+ + 

where and 7 r~ are equivalent to 
the loosely bound A° particle. When 
the nuclear charge (or atomic num¬ 
ber) of the hyperfragment is greater 
than 2, nonmesomc decay occur* 

: preferentially. In this case, the A 0 
hyperon may be emitted as such to¬ 
gether with a nucleon, or a neutron 
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and smaller nuclei may result from a 
star-like disintegration. 

Mesons and the Parity Concept 

18.102. One of the most intriguing 
problems in nuclear theory has arisen 
in connection with the decay of K- 
mesons. The fact that each of these 
particles decays in several (up to six) 
different ways is interesting, but per¬ 
haps not altogether remarkable. The 
situation may be regarded as being 
different only in degree from the be¬ 
havior of certain radioactive nuclei 
which are known to decay with the 
same half life in two different ways, 
e.g., simultaneous emission of alpha 
and beta particles (§5.60) or of 
positive and negative beta-particles 
(§10.100). However, another factor 
entered in connection with the decay 
of X-mesons that appeared to be con¬ 
trary to certain basic ideas in nuclear 
physics. 

18.103. In order to understand the 
problem, it is necessary to refer to the 
wave-mechanical (mathematical) con¬ 
cept called parity. Although parity is 
a fundamental attribute of a particle 
in wave mechanics, it has no analogy 
in ordinary mechanics and so it is 
impossible to express its, significance 
in ordinary physical terms. In wave 
mechanics, every particle has a char¬ 
acteristic property, known as its wave 
junction , which is determined by the 
position (or coordinates) of the par¬ 
ticle in space. The square of the wave 
function then represents the probabil¬ 
ity of finding the particle at a specified 
point.* 

18.104. The next step in the devel¬ 
opment of the parity principle is to 
make what appears to be a reasonable 
assumption: namely, that the physical 
description of the state of a particle 


(or combination of particles), which 
depends on the square of the wave 
function, is independent of whether 
a right-handed or left-handed set of 
coordinates (or frame of reference) is 
used in expressing the wave function. 
This means that if the coordinates are, 
in fact, changed from x , y , z to 

Vy —z, by going from what might 
be described as right-handed to left- 
handed coordinates, by a series of re¬ 
flections, the wave function will either 
remain the same or it will merely 
change its sign. In each case, the 
square of the wave function will be 
unaffected, as postulated above, since 
x 2 is the same as (— x) 2 , and so on. 

18.105. In the event that the wave 
function remains unchanged as a re¬ 
sult of the reflection of the, coordi¬ 
nates, the particle (or system, of par¬ 
ticles) is said to have even parity, 
but if it changes sign, the parity is 
odd. It is then a requirement of wave 
mechanics that in any isolated (or 
closed) system, i.e., one which no par¬ 
ticles enter or leave, parity must be 
conserved. That is to say, there must 
be no change in parity when there is 
a rearrangement (or reaction) among 
the particles in such a system. If the 
initial state has even parity, then so 
also must the final state; alterna¬ 
tively, if the parity of the initial state 
is odd, the final state must also have 
odd parity. 

18.106. Until the discovery of the 
A-mesons, in the early 1950s, all the 
evidence available from nuclear re- 

| actions indicated that parity was in- 

i deed conserved. The law of conserva¬ 
tion of parity was consequently ac¬ 
cepted as a basic and inviolable 
principle. However, a comparison of 
the decay of tau (r)-mesons, which 
break up into throe pions, and of 


♦This in strictly true only if the wave function does not contain anv imaginary terms; 
however, the Reneral arguments are unaffected even if it does, 
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theta (0) -mesons, which form two 
pions, as may be seen from the table 1 
in § 18.91, showed that parity could 
not be conserved in both cases. The 
parity of the pi-meson is odd, and so 
the over-all parity of three mesons, 
which may be regarded as the product 
of the individual parities, is also odd. 
This means that the tau-meson should 
have odd parity. On the other hand, 
the theta-meson should have even 
parity, since its decay results in the 
formation of two pions, each having 
odd parity. From their masses and 
lifetimes, the tau and theta-mesons 
are identical, and so it would appear 
impossible that one should have odd 
parity and the other even parity. 

18.107. A way out of this dilemma 
was proposed toward the end of 1956 
by T. D. Lee and C. N. Yang in the 
United States. It was suggested that 
the conservation of parity applied 
only to strong (extremely rapid) 
interactions, but not necessarily to 
weak (relatively slow) interactions. 
Failure of the parity principle would 
mean the basic postulate, that the 
description of a particle is the same 
irrespective of whether a right- or 
left-handed frame of reference is used, 
is not always valid. In order to test 
this possibility, Lee and Yang pro¬ 
posed, among others, the experiment 
on cobalt-60, with the nuclear spin 
axes aligned in a magnetic field, 
described in §7.70. The result, namely, 1 
that the beta particles were emitted 
mainly in one particular direction, 
supported the view that there was in¬ 
deed a distinction between left- and 
right-handedness in the decay process. 
If the parity principle had applied, 
beta particles would have been ex¬ 
pelled almost equally in each direc¬ 


tion along the common spin axis of 
the aligned cobalt-60 nuclei. 

18.108. Back in 1929, H. Weyl had 
shown that, for an uncharged particle 
of zero mass, the quantum electrody¬ 
namics equations of P. A. M. Dirac 
(§ 12.25) had two possible solutions, 
corresponding to opposite spins for a 
given direction of motion. Some two 
or three years later, however, these 
were rejected by W. Pauli (§ 4.64, ^ 
7.50) as being physically inadmissible 
because they would violate the parity 
principle. Early in 1957, soon after 
the announcement of the remarkable 
results obtained in the beta-decay of 
cobalt-60, Lee and Yang in the United 
States, L. Landau in Russia and A. 
Salam in England independently re¬ 
vived the work of Weyl. It was seen 
that if the mass of the neutrino (or 
antineutrino), which is, of course, un¬ 
charged, were taken as zero, the par¬ 
ticle would inevitably fail to satisfy 
the basic postulate of the parity con¬ 
cept.* 

18.109. The situation may be 
viewed in the following simplified 
manner. Consider a particle moving 
forward and at the same time spin¬ 
ning in a clockwise direction, some¬ 
what similar to the motion of a right- 
handed screw. Imagine this particle to 
be reflected in a mirror. Although mov- 


RIGHI-HANDED LEFT-HANDED 

SCREW " SCREW 

MIRROR 

Fig. 18.7. Motion and spin of a particle 
and the reflection in a mirror. 





* The more widely accepted theoretical Iventment requires the mass of the neutrino to be 
actually zero, but there is an alternative theory according to which the mass need only be 
yery small and not necessarily zero, 
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ing in the same direction, the particle 
in the reflection will be spinning in an 
anticlockwise direction, like a left- 
handed screw, as may be seen in Fig. 
18.7. If the parity principle is to be 
obeyed, then the postulate of § 18.104 
requires the particle and its mirror 
image to be physically identical. (In 
the case shown, the parity would be 
negative since the spin coordinates 
change sign upon reflection.) How¬ 
ever, according to the theory of the 
neutrino outlined in § 18.108, which is 
apparently supported by the experi¬ 
mental results described in § 7.70, 
et seq. f one of the particles (right- 
handed screw) corresponds to a neu¬ 
trino and the other (left-handed 
screw) to an antineutrino. If these 
two particles are different, as appears 
to be the case (§ 7.68), then the fun¬ 
damental assumption of the parity 
concept must be invalid. Conse¬ 
quently, in processes involving a 
neutrino (or antineutrino), such as 
beta-decay and the decay of charged 
pi- and mu-mesons, all of which are 
weak interactions, parity cannot be 
conserved. 

18.110. During 1957 experimental 
evidence was obtained of the break¬ 
down of the parity concept in mu- 
meson decay by L. M. Lederman, R. L. 
Garwin and M. Weinrich of Columbia 
University and in both mu- and pi- 
meson decay by V. L. Telegdi and 
J. I. Friedman of the University of 
Chicago. In the work of the former 
group, a pulse of pi-mesons was pro¬ 
duced by bombarding a target with 
high-energy protons from a cyclotron. 
In flight, the pions decayed to form 
muons and antineutrinos. Since the 
pi-meson has zero spin and each of 
the product particles has V 2 unit of 
spin, it seemed probable that the re- , 


Strange Particles 

suiting mu-mesona would all have 
their spin axes aligned in the same 
direction. The muons were stopped in 
a carbon block, where decay into an 
electron, together with a neutrino- 
antineutrino pair, occurred. If the 
parity principle were obeyed, there 
should be no preferred direction for 
the emission of the electrons. By ap¬ 
plying a variable magnetic field to the 
carbon block, for a period roughly 
equal to the lifetime of the muons, the 
direction in space of their common 
spin axis could be varied. It was found 
that there was always a preferred 
direction in which the electrons were 
emitted, so that the parity principle 
failed. 

Conclusion 

18.111. It will be apparent from the 
foregoing discussion of the “Strange” 
particles and their behavior that their 
discovery has presented nuclear sci¬ 
ence with a number of bewildering 
problems. Are the pi-mesons really the 
field particles, as postulated in Chap¬ 
ter XII, which account for .nuclear 
forces? If so, why do mu-mesons 
exist and what part, if any, do they 
play in the structure of matter? What 
is the role of the X-mesons and why 
do they decay in so many different 
ways? Does the strangeness number 
have any obvious physical signifi¬ 
cance? Why is parity conserved in 
strong interactions and not in some 
(but not all) weak interactions? What 
is the significance of right- and left- 
handedness in matter? Many theories 
will, no doubt, be developed, and ex¬ 
periments will be devised to test 
them; the ultimate result will be a 
much more incisive understanding of 
the nature of matter than is possible 
at present. 
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RADIATION HAZARDS 


Health Physics 

19.1. Within about six months of 
the discovery of X-rays, that is, to¬ 
ward the middle of 1896, experi¬ 
menters already began to notice the 
harmful effects of these rays on the 
skin. In the years that followed, and 
before the dangers were fully realized, 
cases of X-ray “burn” and X-ray 
dermatitis were all too common among 
physicists and radiologists. Similarly, 
it was not long after the isolation of 
radium, that it was realized that ex¬ 
posure of the skin to the radiations 
from this element could lead to painful 
results. Although Pierre Curie was not 
the first to experience the unpleasant 
consequences, Madame Curie in her 
biography of her husband describes 
how he “voluntarily exposed his arm 
to the action of radium during several 
hours. This resulted in a lesion re¬ 
sembling a burn that developed pro¬ 
gressively and required several months 
to heal.” 

19.2. The danger of overexposure to 
X-rays or to the radiations from ra¬ 


dioactive bodies was consequently 
well known during the first two dec¬ 
ades of the present century. But there 
was little or no organized effort to 
establish suitable procedures to insure 
adequate protection until the early 
1920s, when radiologists in the United 
States and in Great Britain gave some 
consideration to the matter, and rec¬ 
ommended measures for use in the 
manipulation of X-rays and radium. 
Later, various national and interna¬ 
tional committees were set up to study 
the control of radiation hazards. 
Among these was the United States 
Advisory Committee on X-Rays and 
Radium Protection, whose suggestions 
relating to permissible levels of ex¬ 
posure to radiation are the basis of 
those now accepted.* 

19.3. Prior to 1942, the use of 
X-rays or the handling of radioactive 
material was restricted to trained 
scientists, apart from the relatively 
few workers employed in the extrac¬ 
tion of such material and in industries 
using them. With the development of 


* At the present time the National Committee on Radiation Protection, established under 
the auspices of the U. S. National Bureau of Standards, is responsible for setting up radi¬ 
ation standards in the United States and for recommending permissible limits and toler¬ 
ances. 


588 


589 


Radiation Protection 

the atomic energy project, not only 
lias there been a large increase in the 
number of personnel engaged in work 
involving radiation hazards, but the 
i n ten si t y id the rad i a t. i on is f ar great e r 
than anything that had previously 
been experienced. The radioactivity 
due to the fission products in the 
“spent” uranium slugs from a nuclear 
reactor, for example, is many thou¬ 
sand times greater than that due to 
all the radium—about two and one- 
half pounds—extracted in nearly sixty 
years. The problem of radiation pro¬ 
tection has thus become one of con¬ 
siderable importance. 

19.4. Actually, all work with radio¬ 
active substances, from the use of 
isotopes as tracers to the large-scale 
processing of spent reactor fuel, in¬ 
volves some danger and requires that 
safety precautions be taken. As a re¬ 
sult there has been developed the new 
field of health physics , the purpose of 
which is to insure the protection of 
personnel who are either ignorant of 
the hazards of radiation or are too pre¬ 
occupied with other duties to pay ade¬ 
quate attention to them. The responsi¬ 
bilities of the health physicist include, 
among other things, the setting of 
standards for safe levels of exposure 
to radiations of different types, the 
detection of these radiations under a 
wide variety of conditions so as to give 
warning of the possibility of excessive 
exposure, and, finally, the develop¬ 
ment of suitable methods for protec¬ 
tion against radiation. The great suc¬ 
cess of the efforts of the health physics 
group has been proved by the virtually 
complete absence of radiation acci¬ 
dents. By taking suitable precautions, 
almost any intensity of radiation can 
now be handled with safety, so that, 
as K. Z. Morgan, of the Health Phys¬ 
ics Division, Oak Ridge National 
Laboratory, has said: “Radiation 
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need not be feared, but it must be 
respected.” In the present chapter it 
is proposed to deal with the main 
aspects of the w T ork of the health 
physicist. 

Biological Effects of Radiation 

19.5. In the atomic energy field, the 
chief sources of harmful radiation are 
the cyclotron and other particle ac¬ 
celerators, nuclear chain reactors, in¬ 
cluding handling of spent fuel ele¬ 
ments and fission products, and the 
production of radioisotopes for tracer 
work. In addition, the radioactive 
materials obtained by means of a 
cyclotron or a nuclear reactor always 
represent a possible radiation .hazard. 
The alpha, beta, gamma and X-rays 
emitted by various radionuclides, and 
neutrons from reactors or of^her de¬ 
vices, are all known to have deleteri¬ 
ous biological effects. Because of their 
relatively small penetrating power, of 
only a few centimeters of air, the 
dangers associated with external alpha 
particle sources are not serious. Un¬ 
fortunately, if accidentally ingested or 
inhaled, some alpha particle emitters, 
such as plutonium, tend to accumulate 
in certain portions of the body where 
their continued action can be harmful. 
Gamma and X-rays and neutrons can 
penetrate quite deeply into the body, 
and it is with these radiations that 
precautions must be taken against 
external exposure. Beta particles oc¬ 
cupy an intermediate position, for 
although they can travel some dis¬ 
tance through air, they are able to 
penetrate only a few millimeters 6f 
tissue. However, in contact with the 
skin, beta-particle emitters can pro¬ 
duce serious burns. The entry of any 
source of radiation into the body 
should, of course, be avoided. 

19 . 6 . It is generally believed that 
the harmful consequences of various 
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radiations* are due to their ionizing 
effect; that is to say, to their ability 
to eject orbital electrons from atoms 
present in various compounds of which 
the body is constituted. Alpha, beta 
and gamma rays produce ionization 
more or less directly, as seen in Chap¬ 
ter VI, but with neutrons it is the 
indirect result of various possible in¬ 
teractions. Thermal (slow) neutrons 
undergo (n>y) reactions with several 
body elements, particularly hydrogen 
which constitutes such a large pro¬ 
portion of the living organism. The 
highly energetic gamma radiations 
then cause ionization. Another process 
involving slow neutrons is N u {n,p) 
C 14 ; the protons emitted have a con¬ 
siderable ionizing effect. It will be 
noted that the product of this reaction, 
carbon-14, is itself radioactive, emit¬ 
ting beta particles. Other radionuclides 
can be formed within the body by the 
interaction of slow neutrons with 
stable isotopes. The effect of fast neu¬ 
trons is essentially due to the produc¬ 
tion of recoil protons (§ 11.30) by the 
impact of the neutrons on hydrogen 
in the body. The fast protons formed 
in this manner produce ionization in 
their paths. 

19.7. It is known that the radia¬ 
tions affect the individual cells of 
which the body is composed, possibly 
by destroying the enzymes that deter¬ 
mine their particular functions. In 
brief, all cells contain protoplasm, 
consisting of a central body, or nu¬ 
cleus, suspended in a viscous liquid 
medium, called the cytoplasm. The 
cell as a whole is surrounded by a 
membrane through which pass the 
salts, sugars and so on, required for 
its maintenance. Within the nucleus 
is the substance chromatin which, at 
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the times of cell division, forms the 
thread-like chromosomes; the latter, 
whose number and shape are charac¬ 
teristic of each species, carry the 
hereditary factors. 

19.8. The exact mechanism whereby 
ionizing radiations produce their ef¬ 
fects on the body is uncertain. One 
view is that the unstable molecular 
(or atomic) particles, called free 
radicals, known to be produced by the 
action of the radiations in water, react 
with and render inactive some impor¬ 
tant cell constituents, especially the 
enzymes. There is also a possibility 
that these substances may be directly 
decomposed by the ionizing radiation. 
However, even if the details are not 
understood, the over-all effects on the 
cell are well known. Among the re¬ 
sults observed have been the breaking 
of the chromosomes, swelling of the 
nucleus and of the entire cell, destruc¬ 
tion of the cell, increase in viscosity of 
the protoplasm, and greater permea¬ 
bility of the cell membrane. The 
broken cells and other biological 
debris tend to clog the capillaries and 
so interfere with the circulation of the 
blood. 

19.9. In connection with the be¬ 
havior of individual cells it has been 
noted that the process of cell division, 
known to biologists as mitosis, is de¬ 
layed by exposure to radiatinn. Fre¬ 
quently the new cells that are formed 
arc unable to undergo mitosis, so that 
their number docs not increase. It is 
possible that this effect, together with 
cell destruction referred to above, un¬ 
derlies the use of gamma radiation for 
inhibiting the proliferation of the 
cancerous cells in malignant tumors 
(§ 17.90). There is, however, a curious 
paradox in this connection, which 


* a* used in this chapter, the word "radiation 51 is intended to refer to alpha and beta par- 
radiation having wave lengths longer than X-ravs [ft 3.in). 
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emphasizes the difficulty in under¬ 
standing the biological effects of radi¬ 
ation. While controlled treatment with 
gamma rays can stop cancerous 
growth, continued exposure to radia¬ 
tion in excess of certain limits may 
cause a cancer to be formed. 

19.10. Unfortunately, the animal 
body has not developed an instinctive 
defense against radiation as it has 
against heat and, to some extent, 
against ultraviolet light. Conse¬ 
quently, there can be severe radiation 
damage without any realization at the 
time on the part of the subject. The 
nature and extent of the symptoms 
which develop later may vary with 
the individual. They depend on the 
type of radiation, on the depth to 
which the radiation has penetrated, on 
the extent of the body exposed, on the 
amount of radiation absorbed, and 
also upon whether the exposure was 
chronic, that is, repeated or prolonged 
so as to lead to a cumulative effect, 
or acute, that is, received in one large 
dose. All types of excessive exposure 
to radiation appear to have one factor 
in common: * there is invariably a 
delay, which may be weeks, months 
or years, before the final, and worst, 
effects become apparent. 

19.11. Chronic local exposure leads 
first to a reddening of the skin (ery¬ 
thema) ; this is followed by blistering 
and formation of lesions which are 
very slow in healing. Loss of hair also 
results from the action of radiations. 
Because of this effect, X-rays were 
used at one time for the removal of 
superfluous hair, but in several re¬ 
ported instances the consequences 
were disastrous. Cancerous growths 
are likely to develop, sometimes years 
after there has been chronic overex¬ 


posure of part of the body to penetrat¬ 
ing ionizing radiations. The foregoing 
effects may be regarded as external or 
visible symptoms. Of those of an in¬ 
visible character, the most important 
are genetic effects, which become ap¬ 
parent only in succeeding generations 
(§ 19.82), and changes in the constitu¬ 
ents of the blood. The latter are many 
and varied, but a decrease in the num¬ 
ber of white cells (leukocytes) seems 
to be one of the most characteristic. 
As in the case of cell development, 
mentioned earlier, considerable over¬ 
exposure may lead to a reversal of 
behavior. Thus, one ,of the ultimate 
consequences may be leukemia, in 
which there is an overproduction of 
white corpuscles (§ 17.89). 

19.12. A great deal of information 
on the consequences of acute overex¬ 
posure to radiation has been accumu¬ 
lated from a study of Japanese victims 
of the atomic bomb, as well as from 
observations made on more than 250 
persons in the Marshall Islands, who 
were inadvertently exposed to the ra¬ 
diations from the fission product debris 
(fallout) following the test explosion 
of March 1, 1954.f There have also 
been a few cases of laboratory acci¬ 
dents, where workers received known 
amounts of radiation, the results of 
which have been recorded. As stated 
above, the effects vary with the indi¬ 
vidual patient and the nature of the 
exposure, but certain broad conclu¬ 
sions have been reached. There are, as 
a rule, four phases in the response of 
the body to overexposure to radiation. 
In the first phase, the early symptoms 
are nausea and vomiting, accompanied 
by general lassitude; they are simi¬ 
lar to those long known as being asso- 
I ciated with “radiation sickness” suf- 
they lead to death in a short time, sometimes 


* Very large doses are not included, since 
within two weeks or less. 

Sco The Effects of Nuclear Weapons, U. S. Government Printing Office, 1957, Chapter 
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fered by patients undergoing intensive 
treatment with radium or X-rays. If 
the exposure has not been excessive, 
this is usually followed by a second 
phase of relative well-being which 
may last for a few days or for several 
weeks. The more severe the radiation 
dose, the shorter is this apparent 
latent period. 

19.13. In the third phase the reac¬ 
tion of the body reaches its height, and 
the survival of the patient depends 
on the ability of his system to with¬ 
stand the effects. Some of the symp¬ 
toms are prostration, loss of appetite, 
loss of weight, fever, rapid heart ac¬ 
tion, severe diarrhea, bleeding of the 
gums and loss of hair. This phase may 
last days or weeks, depending on the 
extent of the radiation exposure. In 
severe cases, the patient becomes pro¬ 
gressively worse and succumbs, but 
where the dose has not been so great, 
a period of prolonged convalescence 
is the fourth phase. During this time, 
which may last up to six months, there 
is a gradual recovery. The patient 
then appears to be quite norinal, 
although changes in the blood constit¬ 
uents may persist for a long time. 
There is also a possibility of certain 
consequences which will not become 
apparent for some years after expo¬ 
sure. Among them, apart from the 
genetic effects, are leukemia and the 
formation of cataracts. 

19.14. As in the case of chronic 
exposure, the acute radiation sickness 
is accompanied by significant changes 
in the blood, the most obvious of which 
is a marked decrease, with some fluc¬ 
tuations, in the number of white blood 
cells, following upon an initial tempo¬ 
rary increase. Since the function of 
the white cells is to defend the body 
against infection and to remove toxic 
products, the decrease in their number 


accounts, in part at least, for the 
increased susceptibility to infection 
that is characteristic of radiation 
sickness. Another change observed in 
the blood is in the platelets, a con¬ 
stituent which plays an important 
role in connection with blood clotting. 
The number of platelets falls steadily 
from the time of exposure to radiation 
and reaches a minimum, at the end of 
a few weeks, and then it increases 
slowly over a period of months or 
even years. 

19.15. The influence of radiation on 
the blood is, to a large extent, a 
manifestation of the fact that the 
lymphoid tissue and the bone marrow, 
where various constituents of the 
blood are formed, are regions of the 
body which react most quickly as a 
result of exposure. For this reason, 
these, together with the reproductive 
organs and the gastro-intestinal tract, 
are said to be radiosensitive tissues. 
The muscles, nerve cells and fully- 
grown bone, on the other hand, are 
radioresistant for they show little evi¬ 
dence of change as a result of radia¬ 
tion exposure. Intermediate in their 
sensitivity are the skin, kidney, liver 
and lungs. 

Internal Radiation Hazards 

19.16. The foregoing descriptions 
of the effects of radiation have re¬ 
ferred, in particular, to exposure from 
an external source. The general bio¬ 
logical effects of nuclear radiations 
from ingested radioactive materials 
are essentially the same, but there are 
certain circumstances in which even a 
very small quantity of such sources 
within the body can produce con¬ 
siderable injury. Any radioactive nu¬ 
clide entering the body is a potential 
hazard, but the situation can become 
very serious if the element is one 
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which tends to concentrate in specific 
cells or tissues that are highly radio¬ 
sensitive. For example, calcium and 
the chemically similar strontium, 
barium and radium are called bone 
seekers , since these elements are 
largely deposited in the skeleton. Plu¬ 
tonium and cerium are also bone seek¬ 
ers, although they are found in other 
parts of the body. Radioisotopes of 
these elements can thus be very haz¬ 
ardous since, if they enter the body, 
they will collect, to a considerable 
extent, in the bone, where the radia¬ 
tions, even if of short range, can in¬ 
jure the sensitive bone marrow, where 
many blood cells are produced. Fur¬ 
ther, the continuous bombardment of 
bone tissue by radiations may eventu¬ 
ally lead to necrosis and tumor forma¬ 
tion. 

19.17. In addition to the tendency 
for a particular element to be taken 
up by a radiosensitive organ or tissue, 
the main consideration in determining 
the hazard of a given radioisotope in¬ 
side the body is the total radiation 
dose delivered while it is in the body 
or in a critical region. The most im¬ 
portant factors in determining this 
dose are the mass of radioactive ma¬ 
terial deposited, its half life, the 
nature and energy of the radiations 
emitted, and the length of time it is 
effective in the body. This time is de¬ 
pendent upon two factors: one is the 
ordinary radioactive half life, and the 
other is the biological half life. The 
latter is defined as the time taken for 
the amount of a particular element in 
the body to decrease to half its initial 
value due to elimination by natural 
(biological) processes. Combination 
of the radioactive and biological half 
lives gives rise to the effective half 
life , which is the time required for the 
amount of a specified radioisotope in 
the body to fall to half of its original 
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value as a result of both radioactive 
decay and natural elimination. 

19.18. The nuclides representing the 
greatest potential internal hazard are 
those with a relatively short radio¬ 
active half life and a comparatively 
long biological half life. A certain 
mass of a radioisotope of short radio¬ 
active half life will emit particles at a 
greater rate than the same mass of 
another isotope, possibly of the same 
element, having a longer half life. 
Further, the long biological half life 
means that the active material will 
not be readily eliminated from the 
body by natural processes. As an il¬ 
lustration, the case of iodine-131 may 
be quoted; this has a radioactive half 
life of only 8 days, but the biological 
half life of the element iodine is about 
6 months, because it is rapidly taken 
up by the thyroid gland froni which 
it is eliminated slowly (§ 17.87). Con¬ 
sequently, if sufficient iodine-131 
should enter the body, it is capable 
of causing serious damage to the 
healthy thyroid gland. 

19.19. Both radium-226, the com¬ 
mon form of this element, and pluto¬ 
nium-239 are serious .internal hazards; 
since they have long radioactive and 
biological half lives, once these nu¬ 
clides are deposited in the skeleton, 
they remain there, essentially un¬ 
changed in amount, during the life¬ 
time of the victim. The continued 
action of the emitted alpha particles, 
which deposit their energy in a limited 
region, over a period of years can 
cause significant injury. A soiffewhat 
similar situation arises in connection 
with the beta-emitting bone-seeker, 
strontium-90, which is one of the most 
abundant products of the fission of 
uranium-235 and plutonium-239. It 
has a radioactive half life of 28 years 
and a biological half life estimated to 
be about 10 years. 
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Chap . XIX 


RADIATION UNITS AND DOSAGES 


Radiation Units 

19.20. In order to express radiation 
exposure in quantitative terms, it is 
necessary to describe certain appro¬ 
priate units. The first of these is the 
roentgen, named for the discoverer of 
X-rays (§ 2.86); it may be defined, on 
the basis of the recommendation of 
the Radiological Congress held in 
Chicago in 1937, as the quantity of 
X-rays or gamma rays which will pro¬ 
duce, as a consequence of ionization, 
one electrostatic unit of electricity 
(§2.24 footnote), of either sign, in 1 
cc. of dry air, as measured at 0°C and 
standard atmospheric pressure. Since a 
singly charged ion carries 4.80 X 10“ 10 
electrostatic units (§ 2.41), 1 roentgen, 
abbreviated to 1 r, forms in 1 cc. of 
dry air the reciprocal of this num¬ 
ber, i.e., 2.08 X 10 9 , of ions of either 
sign, which is the same as the number 
of ion-pairs. The mass of 1 cc. of dry 
air under the standard conditions spe¬ 
cified is 0.00129 gram, and conse¬ 
quently in 1 gram of air the absorp¬ 
tion of 1 r would result in the forma¬ 
tion of 2.08 X 10 9 /0.00129 = 1.61 X 
10 12 ion-pairs. The average amount of 
energy expended in the production of 
one ion-pair in air is known to be 
about 33.5 ev (§ 6.4); hence, the en¬ 
ergy for 1.61 X 10 12 ion-pairs is 
5.40 X 10 13 ev or nearly 86 ergs, since 
1 ev is equivalent to 1.60 X 10 -12 erg 
(§3.81). The energy gained by the 
absorption of 1 r of X-rays in 1 gram 
of air is thus 86 ergs. 

19.21. As stated above, the roentgen 
unit was intended to refer to photons 
of electromagnetic radiation, namely, 
X-rays and gamma rays, but in view 
of the similar biological effects due to 
ionization caused by particle radia¬ 
tions, such as alpha and beta parti¬ 


cles, protons and neutrons, its use has 
been extended to cover such radia¬ 
tions. In order to make this extension 
possible, H. M. Parker, of the Han¬ 
ford project (§14.74), suggested the 
adoption of a new unit, called the 
roentgen equivalent physical , abbre¬ 
viated to rep . This was originally 
defined as the quantity of radiation 
which upon absorption in the body 
liberated the same amount of energy 
as 1 r of X-rays or gamma rays, i.e., 
86 ergs per gram of tissue. However, 
it was found that exposure to a dose 
of 1 r of X-rays was accompanied by 
the absorption of something more like 
97 ergs in a gram of soft tissue. The 
rep has, therefore, been used to denote 
a dose of 97 ergs of any nuclear ra¬ 
diation absorbed (or liberated) per 
gram of body tissue. 

19.22. The foregoing definition of 
the rep, based on the energy (or 
physical) equivalent of the roentgen, 
is unsatisfactory, for several reasons. 
Perhaps the most important is the 
fact that the figure for the number of 
ergs absorbed is based on a calcula¬ 
tion involving the value of the energy 
required to produce an ion-pair in air. 
This quantity is not known with cer¬ 
tainty and, as new experimental data 
have become available, the number of 
ergs in the definition of the rep has 
been changed. For several years, for 
example, it was accepted that 32.5 ev 
were required to produce one ion-pair 
in air, and this led to 83 ergs per gram 
of air as the energy absorbed for 1 r 
and 93 ergs per gram of tissue for 1 
rep. The newer value of 33.5 ev per 
ion-pair has required these numbers to 
be changed to 86 and 97 ergs, respec¬ 
tively. 

19.23. In order to avoid this diffi¬ 
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culty, the International Commission 
on Radiological Units adopted a new 
unit of absorbed radiation dose, 
called the rad , which does not suffer 
from the drawback of the rep. The 
rad is defined as the absorbed dose of 
any ionizing radiation which is ac¬ 
companied by the liberation of 100 
ergs of energy per gram of absorbing 
material. For soft tissue, the differ¬ 
ence between the rad and the rep is 
very small, and numerical values of 
absorbed dose formerly expressed in 
reps are essentially unchanged when 
converted to rads. This is not true, 
however, for bone where the difference 
is quite considerable. 

19.24. Because the absorption of 
quantities of different ionizing radia¬ 
tions which provide the same amount 
of energy may not have the same 
biological effect in the human (or ani¬ 
mal) body, H. M. Parker introduced 
another unit, the roentgen equivalent 
man, abbreviated to rem. The rad is 
useful as a physical quantity which 
can be measurer!, but, ultimately, it is 
the biological changes produced by the 
absorbed radiation which are impor¬ 
tant. Consequently, 1 rem was defined 
as the quantity of radiation which 
produces the same biological damage 
in man as that resulting from the ab¬ 
sorption of 1 rep of X-rays or gamma 
rays. 

19.25. At the present time, the rem 
is defined in a somewhat different 
manner based on the relative biolog¬ 
ical effectiveness (or RBE) of a par¬ 
ticular radiation. This is the ratio of 
the absorbed dose in rads of X-rays 
nr gamma rays (of a specified energy) 
to that of the rads of the given radia¬ 
tion having the same biological effect. 
The value of the RBE for a particular 
type of nuclear radiation, e.g. f alpha 
or beta particles or neutrons, depends 
up*in a number of factors, such m tbc 1 


energy of the radiation, the kind and 
degree of biological damage, and the 
nature of the organ or tissue under 
consideration. The rem is then defined 
by the relationship 

Dose in rems = Dose in rads X RBE, 

so that the dose in rems provides a 
measure of the extent of biological 
injury, of a given type, that would 
result from the absorption of nuclear 
radiation. Thus, the rem may be re¬ 
garded as a unit of biological dose, 
whereas the rad is one of absorbed 
I radiation dose; in this scheme, the 
roentgen is considered to be a unit of 
exposure dose. 

19.26. According to the definitipn 
given above, the RBE for X-rays and 
gamma rays may be taken unity, 
although it varies to some extent with 
the energy of the radiation. Hence, 
for gamma rays, the biological dose in 
rems is equal to the absorbed dose in 
rads. Further, in view of the similarity 
between the rad and the rep in soft 
I tissue, it is also roughly equal to the 
exposure in roentgens. This equality 
does not necessarily apply to other 
radiations, as is shown by the val¬ 
ues in the accompanying table, the 

Relationships Among Raimation Units 


rems 

(or 

Type of Radiation r rads RBE) 

X-rays and Gamma rays .1 11 

Beta particles. — l 1 

Fast neutrons. — 1 10 

Thermal neutrons. — 1 4-5 

Alpha particles. — 1 10-20 


rads referring, for simplicity, to ab¬ 
sorption in soft tissue. The number 
of rems is equal to the RBE in each 
case. As stated earlier, the RBE de¬ 
pends on the type of effect considered: 
it also depends on the location of the 
radiation sourco, especially for alpha- 
particle emitters. The values in the 
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table apply, in particular, to cataract 
formation by neutrons and the pro¬ 
duction of tumors by alpha-particle 
sources within the body. For general 
radiation injury, such as that described 
above, the RBE for neutrons is prob¬ 
ably not more than 2 , and may well 
be less. With the results given, it is 
possible to make a rough assessment 
of the biological effect resulting from 
simultaneous or consecutive absorp¬ 
tion of different kinds of radiation. 

19.27. Attempts have been made to 
correlate the RBE with some physical 
property of the radiation. If a partic¬ 
ular physiological effect is considered 
in a given organism, there appears to 
be a general relationship between the 
RBE of the radiation and its specific 
ionization (§6.3). In this connection, 
however, it has been found preferable 
to use a related quantity called the 
linear energy transfer (or LET), 
defined as the energy released by the 
radiation per unit length of the ab¬ 
sorbing tissue. In general, when com¬ 
paring different ionizing radiations, 
it is found that the RBE increases 
with the LET, although for very high 
values of the latter the RBE may de¬ 
crease somewhat. 

Maximum Permissible Radiation 
Exposure 

19.28. In view of the harmful na¬ 
ture of the radiations from radioactive 
substances, and from particle acceler¬ 
ators and nuclear reactors, and the 
lack of any established method of 
treating the resulting injuries, the ob¬ 
vious procedure is to take all precau¬ 
tions necessary to avoid overexposure. 
The term “overexposure,” rather than 
“exposure,” is used here deliberately. 
There are reasons for believing that, 
provided the radiation dosage is 
small, the body is able to recover from 
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the effects. An exception to this arises 
in connection with the action of radia¬ 
tion on the reproductive organs, where 
the injury to the germ cells is per¬ 
manent and cumulative, as will be 
seen later. The reason for the recovery 
from small doses, in many cases, is 
that the majority of the cells damaged 
or killed by radiation are replaced by 
new cells. The rate of cell replacement 
varies from one part of the body to 
another, but it is a property possessed 
by many living tissues. 

19.29. All human beings are sub¬ 
jected to the continuous action of cos¬ 
mic rays (Chapter XVIII), the extent 
increasing with the geomagnetic lati¬ 
tude, up to a point, and, especially, 
with the altitude. In addition, there 
are sufficient radium and other radio¬ 
nuclides in the earth, and radium and 
thorium emanations in the atmosphere 
to produce an appreciable amount 
of ionizing radiation. Further, the 
amount of radioactive material, ra¬ 
dium or mesothorium, in a luminous 
watch-dial is by no means negligible. 
It is seen, therefore, that human be¬ 
ings are continuously exposed to ra¬ 
diation at low intensity without any 
apparent harmful effects. Two other 
surprising sources of radiation are the 
C 14 and the K 40 in the body itself; the 
disintegration of the former causes 
the liberation of about 190,000, while 
the latter expels over a million, beta 
particles per minute in the average 
adult. It is true that the maximum 
energy of the particles from C 14 is 
small (0.156 Mev), but K 40 emits beta 
particles with a maximum energy of 
1.35 Mev as well as 1.46-Mev gamma 
rays. It has been estimated that, in 
most parts of the United States, every 
individual receives about 0.14 to 0.16 
roentgen per year due to natural ra¬ 
diation, from body constituents and 
the surroundings. 


Radiation Protection 

19.30. It is evident that a restricted 
exposure to radiation is not serious. 
But what needs to be known is the 
limit below which there will be no 
harmful consequences. Unfortunately, 
it is a matter of great difficulty to ob¬ 
tain reliable information on this vital 
matter. Long-range experiments with 
a large number of human beings sub¬ 
jected to various radiation dosages 
might supply the necessary data, but 
this is hardly a practical approach to 
the problem. Observations on animals 
would appear to provide a partial so¬ 
lution, but the differences between 
animals of different species, and even 
among those of the same species, are 
quite considerable. In any event, the 
extrapolation from a small animal to 
man is fraught with uncertainty. 

19.3L In spite of these difficulties, 
there is a general agreement among 
radiologists and health physicists upon 
the limit of safe exposure. From the 
extensive experience of radiologists, in 
connection with X-rays, and in the 
use oi radium in cancer therapy # and 
from the more limited information 
gathered by health physicists asso¬ 
ciated with the atomic energy pro- j 
gram, there seems every reason to be¬ 
lieve that the accepted tolerance limit 
is indeed a safe limit (see, however 
§19.82), 

19.32. After considering all the 
available information, the U. S. Ad¬ 
visory Committee on X-Rays and 
Radium Protection concluded in 1936 
that the maximum human tolerance 
dose of X-rays or gamma rays, which 
could be taken upon successive work¬ 
ing days, was 0.1 r per day over the 
whole body, for individuals whose 
occupation may lead to radiation ex¬ 
posure. Thus, it was generally ugreed, 
at that time, that the whole body can i 
receive up to about 0.1 r of radiation 
per working day for long periods with- \ 


and Health Physics 597 

out experiencing any permanent harm. 
This was accepted as the maximum 
permissible exposure dose of X-rays 
and gamma rays until the latter part 
of 1949 when the U. S. National Com¬ 
mittee on Radiation Protection recom¬ 
mended that the limit be reduced to 
0.3 r per week. It should be under¬ 
stood that this dose applies to absorp¬ 
tion over the whole body. Small areas 
can be exposed to very much larger 
quantities of radiation without seri¬ 
ous injury. Thus, a dose of 5000 r can 
be used to treat a small skin cancel 1 ; 
this will leave a scar, but there will be 
no other permanent ■ effect. On the 
other hand, exposure of the whole 
body to 600 r would be fatal to-nearly 
all humans. Since different parts of 
the body may not all receive the same 
dose of radiation, the total permissible 
dose of 0.3 r per week for the whole 
body is to be regarded as a weighted 
mean value. 

19.33. There is a further difficulty in 
assessing the body dosage. A quantity 
of 0,1 r of radiation spread over an 8 - 
hour day, for example, is equivalent 
physically to 48 r for 1 minute, but is 
it the same biologically? The answer 
is undoubtedly in the negative. The 
same amount of radiation would cause 
more injury in the latter case than in 
the former. Similarly, a permissible 
dose of 0.3 r per week, spread over five 
working days, would be less harmful 
than a single dose of 0.3 r in one day 
and none on the other days. Conse¬ 
quently, care must be taken that the 
whole body is never exposed to a high 
radiation intensity, even for a short 
period of time. 

19.34. In extending the maximum 
permissible dose to other radiations, 
use is made of the biological equival- 
enee nl 1 r and 1 rein. The permissible 
dose for any kind of ionizing mdia- 
I i(ni is therefore taken us 0.3 rein per 
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week over the whole body, with the 
understanding that there is no expo¬ 
sure to excessive intensities even for 
short periods of time. Although limited 
parts of the body may receive fairly 
large doses without permanent harm, 
it is advisable to keep such doses as 
small as possible, not more than 0.3 
rem per week. Taking into account 
the relationships between the rem and 
rad units for different types of radia¬ 
tion, as recorded in the table given 
above, it is seen that, while the maxi¬ 
mum permissible absorption of X-rays 
and beta and gamma rays is 0.3 rad 
per week, it would be only 0.03 rad for 
fast neutrons, 0.06 rad for slow neu¬ 
trons and 0.015 to 0.03 rad for internal 
alpha particles. In the event of expo¬ 
sure to two or more kinds of radia¬ 
tion, the equivalent of the total ab¬ 
sorption must not exceed 0.3 rem per 
week. 

19.35. The maximum permissible ra¬ 
diation dose of 0.3 rem per week 
would amount to 15 rem per year. Be¬ 
cause the genetic effects of radiation 
are cumulative, the National Com¬ 
mittee on Radiation Protection rec¬ 
ommended during 1957 that the 
weekly maximum dose of 0.3 rem in 
any single week may be retained, for 
atomic energy workers, but that the 
total accumulated dose should not ex¬ 
ceed an average of 5 rems per year 
past the age of 18 years. It may be 
remarked that the actual average ex¬ 
posure at installations of the U. S. 
Atomic Energy Commission and its 
contractors has been well below this 
suggested limit * For the general pop¬ 
ulation, it has been suggested that the 
total exposure, from all sources of 
radiation, including the natural back¬ 
ground, should not exceed an average 
of 14 rems per individual from con¬ 


Chap. XIX 

ception to the age of 30 years, and 
one third that amount in each decade 
thereafter. 

19.36. As far as sources of radiation 
within the body are concerned, an ef¬ 
fort to avoid excessive exposure is 
made by placing a limit upon the rate 
of entry into the body. Since, in most 
instances, intake of the radioactive 
material occurs through the medium 
of air and water, maximum permissi¬ 
ble concentrations have been recom¬ 
mended for a number of isotopes. 
These maximum concentrations in air 
and water are determined by the ra¬ 
dioactive and biological half lives of 
the material, the radiosensitivity of 
the organ (if any) in which it tends to 
accumulate, and the energy and nature 
of the radiations. 

19.37. Maximum safe average body 
contents of most radioisotopes are not 
known, since there is insufficient direct 
experience for establishing levels at 
which individual isotopes, except pos¬ 
sibly radium (0.1 microcurie) and 
iodine-131 (0.3 microcurie), may be 
regarded as causing no detectable in¬ 
jury. For most radioelements which, 
like radium, accumulate in the skele¬ 
ton, maximum permissible amounts in 
the body have been estimated, directly 
or indirectly, from comparative ex¬ 
perimental studies with animals. Thus, 
for plutonium-239, the limit has been 
set at 0.04 microcurie for soluble 
compounds and 0.008 for insoluble 
sources, the former having a greater 
tendency to be eliminated. The max¬ 
imum permissible body content of 
strontium-90 is believed to be 1 micro¬ 
curie. For radioisotopes, which do not 
concentrate in bone, it is assumed that 
the body content should not exceed the 
lowest levels which will result in an 
average dose at some part of the body, 


* During the ten year period 1947 through 1956, about 95 per cent of those employed 
received an average of less than 1 rem per year, and 99.4 per cent less than 5 rems. 
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other than the reproductive organs, organs, the absorbed dose must be 
of 0.3 rem per week. For the latter lower than this amount. 


RADIATION MONITORING 


Monitoring of Personnel 

19.38. A very important part of the 
work of the health physics group is to 
keep a check on the radiation expo¬ 
sure of individual personnel, and to 
measure the intensity of radiation in 


able calibration they can consequently 
be made to give an indication of the 
number of roentgens to which they 
have been exposed. From this the cor¬ 
responding exposure by an individual 
can be determined. The photographic 



Fig. 19.1. Film badge (A) and ionization cham¬ 
bers (B) used for personnel monitoring. 


various localities to which personnel 
have access. This procedure, generally 
known as monitoring, is divided into 
two broad categories, namely, person¬ 
nel monitoring and area monitoring. 
In the latter may be included the 
checking of radiation intensities dur¬ 
ing the course of a process or opera¬ 
tion. 

19.39. The monitoring of personnel 
is both physical and biological. For 
the former, use is made of ionization 
chambers and of photographic film, 
both of which measure essentially the 
ionizing power of radiation. By suit¬ 


film meter can be worn as a badge or 
on the wrist, or it may be in the form 
of a finger ring. The badge form (Fig. 
19.1, A), which is most common, con¬ 
tains two pieces of film with different 
sensitivities, so as to measure different 
ranges of radiation. The films are 
wrapped in a thin opaque paper, td 
keep out light, and are placed in a 
frame, so that part of the film is 
covered with a thin cadmium shield, 
while the remainder is behind a “win¬ 
dow.” The beta radiations are ab¬ 
sorbed by the cadmium, but the 
gamma rays can penetrate it and af- 
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feet the photographic film. The cad¬ 
mium plays a part in this connection 
by absorbing some of the gamma ra¬ 
diation of low energy, to which the 
film is particularly sensitive, thus 
making the response more uniform 
over the whole energy range. The film 
exposed at the “window” registers 
beta particles and, to some extent, 
soft, weakly penetrating gamma rays. 
From the blackening observed in the 
different parts of the film after de¬ 
velopment, the extent of exposure to 
the various radiations can be esti¬ 
mated. 

19.40. Where there is a possibility 
of exposure to neutrons, an additional 
sensitive film, which can record proton 
tracks, is placed behind the beta- 
gamma film. Since cadmium has a 
high cross section for the absorption 
of slow neutrons (§11.98), only fast 
neutrons can penetrate the cadmium 
shield; these produce recoil protons 
which leave their tracks in the film. 
Both fast and slow neutrons pass 
through the “window,” and in this 
region of the film, the slow neutrons 
give proton tracks as a result of the 
N 14 (n,p) C 14 process, in addition to the 
proton-recoil tracks formed by the fast 
neutrons. The tracks are counted un¬ 
der a microscope after the film has 
been developed. 

19.41. The film meters are usually 
examined at the end of each week, 
unless overexposure is suspected at 
any time. For daily monitoring, sim¬ 
ple (electrostatic) ionization cham¬ 
bers (§6.17), shaped like a fountain 
pen and worn in the pocket (Fig. 19.1, 
B), are used. These devices are of two 
types. The common form of pocket 
chamber is merely an air condenser 
which is charged up to a known po¬ 
tential, usually 150 volts, before being 
issued. The entry of ionizing radia¬ 
tion, mainly gamma rays, causes the 
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condenser to discharge, and the resid¬ 
ual potential, observed on an elec- 
I trometer at the end of the day, gives 
an approximate measure of the expo¬ 
sure of the individual. Air condensers 
lined with a boron compound are used 
in the same manner to estimate slow 
neutrons. Because of their occasional 
accidental discharge, pocket chambers 
are always carried in pairs. It should 
be mentioned that information con¬ 
cerning exposure to gamma rays and 
neutrons is important since these are 
more penetrating, and consequently 
less easily guarded against, than beta 
rays. 

19.42. When performing an oper¬ 
ation that may result in exposure to 
radiation, a pocket gamma-dosimeter 
is worn. This is also like a fountain 
pen in shape, but it is actually a com¬ 
bined (electrostatic) ionization cham¬ 
ber and a fiber electroscope, similar 
in principle to the Lauritsen electro¬ 
scope (§ 6.18) but more compact. The 
fiber is charged with a battery, so that 
it indicates zero on a scale; the ion¬ 
ization produced by gamma radiation 
results in a partial discharge, and the 
fiber moves accordingly. By holding 
the dosimeter up to the light and look¬ 
ing through the eyepiece lens at one 
end, the image of the fiber can be seen 
against the built-in scale. For the de¬ 
tection of slow neutrons the dosimeter 
is lined internally with a boron com¬ 
pound. By means of these simple de¬ 
tectors the extent of exposure of the 
individual to gamma rays or to neu¬ 
trons can be determined immediately. 

19.43. The devices described above 
are all integrating instruments, since 
they measure the total quantity of the 
particular radiation absorbed in the 
course of a week, day or shorter time. 
For instantaneous measurements of 
radiation intensity, other detectors 
are used. For example, in handling 
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radioactive materials the body or 
clothing of the worker may become 
contaminated. To check this possi- 
bility without delay, various types of 
Geiger-Miiller counters are used. One 
such instrument counts and automat¬ 
ically records the beta and gamma 
emission from the two hands and the 
two feet separately during a period of 
24 seconds. Doorways are surrounded 
by a set of G-M tubes, connected with i 
an alarm circuit, so that there is an 
immediate indication of the passage 
of a person contaminated with a ra¬ 
dioactive substance. A G-M tube, at¬ 
tached to a long handle, can then be 
used as a probe to find the location of 
the contaminant. 

19.44. The uptake of active mate¬ 
rial, particularly the alpha-emitting 
plutonium and uranium and various 
beta and gamma emitters among the 
fission products, where this is likely to 
occur, is checked by the analysis of 
urine samples from the workers 
concerned. The radionuclides present 
are separated chemically and the 
amounts, which may be less than a 
billionth of a gram, are determined 
by counting alpha, beta or gamma 
activity, according to the circum¬ 
stances. In some cases,, the feces, 
sputum and perspiration are also ex¬ 
amined for the presence of dangerous 
material. 

19.45. If there is any reason to 
suspect a serious overexposure to ra¬ 
diation, then biological tests are nec¬ 
essary. Of these, the white cell count 
in the blood provides perhaps the 
best indication of possible radiation 
damage (§ 19.10). Excessive exposure 
to neutrons is sometimes apparent 
through the presence of radioactivity 
in the blood resulting from radionu¬ 
clides formed by (n, y) and (n,p) re¬ 
actions with elements in the body, 

19.46. Although they are not in 
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general use for personnel monitoring, 
reference may be made here to two 
unusual types of instrument that have 
been designed to measure total radia¬ 
tion exposure doses under special con¬ 
ditions. One of these is the phosphate 
glass dosimeter for recording doses of 
from 10 to 600 r (or more). It is a 
simple, inexpensive and rugged device 
consisting of a special phosphate glass 
containing traces of a silver activator. 
After exposure to radiation, this glass 
emits a visible fluorescence when il¬ 
luminated with ultraviolet light; the 
intensity of the fluorescence is a meas¬ 
ure of the total radiation exposure 
dose. Since the change produced by 
ionizing radiation is fairly permanent, 
the instrument can be used to record 
the accumulated dose over .a long 
period of time. It has been ( recom¬ 
mended for issuance in large numbers 
to the civilian and military popula¬ 
tion in an emergency. The phosphate 
glass dosimeter can also be used to 
measure exposures, in the range from 
3000 to 2,000,000 roentgens, in con¬ 
nection with the sterilization and 
preservation of foods and drugs by 
radiation (§17.148).' 

19.47. The second type of dosimeter 
can be employed for most of the same 
purposes as the one just described. Its 
action is based on chemical reactions 
brought about by ionization radiation 
and so it is called a chemical dosim¬ 
eter. There are several forms of this 
device, but many have the same es¬ 
sential constituents, namely, a chlo¬ 
rinated hydrocarbon, e.g., chloroform, 
some water and an indicator dye, 
sealed into a glass tube. As a result of 
the action of the radiation, hydro¬ 
chloric acid is liberated from the chlo¬ 
rinated compound. This dissolves in 
the water and changes the color of the 
indicator. From the extent of the color 
change, the radiation exposure can be 
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estimated. Chemical and silver-acti¬ 
vated phosphate glass dosimeters, like 
photographic film badges, are cali¬ 
brated by means of a standard radia¬ 
tion source, e.g., radium (primary 
standard) or cobalt-60 (secondary 
standard). 

Area and Operation Monitoring 

19.48. The monitoring or surveying 
of working areas and of actual oper¬ 


Atomic Energy Chap. XIX 

health physics surveyor is called upon 
to make regular routine checks of all 
areas where radioactive material is 
likely to collect. The survey may also 
detect faults in radiation shielding. In 
the laboratory, where conditions are 
changing from day to day, and where 
spills or minor accidents are likely to 
occur, the monitoring of table tops, 
hoods, floors, walls and equipment is 
of the utmost importance. Definite 



Fig. 19.2. Monitoring the removal of irradiated material from the Oak Ridge reactor, 

for the production of isotopes. 


ations is carried out with both fixed 
and portable instruments; these are of 
many types, such as electroscopes, 
ionization chambers, or G-M tubes, 
each being designed for a special pur¬ 
pose. Some are merely detecting in¬ 
struments which show that a source of 
radiation is present, but give only a 
rough idea of its magnitude, whereas 
others are measuring devices to indi¬ 
cate the actual radiation level. The 


tolerance limits, based on experience, 
have been set for the number of counts 
per minute per square foot; any ac¬ 
tivity in excess of these limits is re¬ 
garded as dangerous, and appropriate 
steps must be taken to remove its 
source. 

19.49. One way in which radioac¬ 
tivity may be carried from place to 
place is by dust particles, transmitted 
through the air. Further, inhalation of 
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such air will lead to the presence of 
active material in the body. An im¬ 
portant aspect of the work of the 
health physics surveyor is conse¬ 
quently the monitoring of the air in¬ 
side buildings. For this purpose the air 
is drawn continuously through either 
an electrostatic precipitator or a filter 
to remove dust particles; the deposits 
are then examined for their radioac¬ 
tivity. The procedure is intended to 
simulate the separation of dust parti¬ 
cles in the lungs as a result of inhaling 
the air. 

19.50. In its widest aspects, area 
monitoring includes a check on the 
activity of the air, water and soil in 
the vicinity of establishments where 
work is being performed with radio¬ 
active materials. In virtually all cases 
the problem of the disposal of waste 
materials for which there is no further 
use must be considered, and in this 
connection it is necessary to make sure 
there is no contamination of surround¬ 
ing areas. This aspect of radiation 
protection will be examined below. 

19.51. When carrying out an oper¬ 
ation in which large amounts of radio¬ 
activity are involved, the process i 


should be continuously monitored so 
as to avoid overexposure of the oper¬ 
ator. An interesting example of such 
monitoring is depicted in Fig. 19.2; 
this shows the method of removal of 
radioisotopes, produced by neutron 
irradiation in the Oak Ridge reactor, 
as described in § 17.9. The lead “cof¬ 
fin,” which acts as a shield for gamma 
radiation, is wheeled up to the reactor 
and the graphite stringer, holding the 
aluminum cans containing the iso¬ 
topes, is drawn into it with a long rod. 
The operator then removes the can 
from the stringer, through a hole in 
the “coffin,” with the aid of a long- 
handled suction device, and transfers 
it to one of the lead shipping con¬ 
tainers, standing on the skid. The 
whole process is monitored by the 
health physicist, shown holding an 
ionization-rate meter, for the detec¬ 
tion of beta and gamma radiations, 
familiarly referred to as “Cutie Pie.” 
The instrument on the low table at the 
left is known as a “monitron”; it auto¬ 
matically monitors the area and 
sounds an alarm if the radiation in¬ 
tensity exceeds the tolerance level. 


RADIATION PROTECTION 


Radiation Shielding 

19.52. In order to continue oper¬ 
ations with radioactive material day 
after day, as is done at the various 
installations and laboratories of the 
U. S. Atomic Energy Commission, and 
in many research institutions where 
studies with radioisotopes arc proceed¬ 
ing, adequate precautions arc taken to 
reduce exposure of personnel. The sci¬ 
entist and engineer cooperate with the 
health physicist in devising methods 
whereby particular processes can be 
carried out with a minimum of hazard. 


19.53. The obvious way of avoiding 
radiation is to increase the distance 
between the operator and the source of 
the radiation or, better, by the em¬ 
ployment of suitable absorbers, or 
shields, which either attenuate or ab¬ 
sorb the radiations. In general, a 
combination of both is desired. Pro¬ 
tective shielding should be used as far 
as possible for both the source of the 
radiation and the operating personnel. 
The nature of the protection depends 
largely on the material being handled. 
Rubber gloves, for example, are suffi- 
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cient to absorb alpha particles, and 
most alpha emitters can be manipu¬ 
lated without difficulty, provided rigid 
precautions are taken to avoid inhala¬ 
tion. The work with such substances 
can be carried out in a well-ventilated 
space * or a respirator should be worn. 
Gloves should be used, in any case, to 
prevent radioactive material of any 
kind from contact with the skin, and 
special protective clothing, which is 
shed when leaving the radioactive 
area, is advisable. 

19.54. Among general precautions 
which must be taken are the follow¬ 
ing. Food should not be stored, pre¬ 
pared or eaten in places where radio¬ 
active substances are present, and 
there should be no smoking because of 
the danger of ingestion of active mate¬ 
rial from contaminated hands. The 
hands should be well washed, and both 
hands and shoes should be monitored 
for activity before leaving the work 
area. The finger nails should always 
be kept short, and special attention 
should be given to skin abrasions to 
prevent entry of radioactive material 
into the body. 

19.55. The problem of shielding 
sources of radiation has been studied 
extensively, from both experimental 
and theoretical points of viewf; it is, 
of course, a matter of the utmost im¬ 
portance in connection with the con¬ 
struction of nuclear reactors, as well 
as for work with radioisotopes. The 
methods used for shielding in the labo¬ 
ratory will be described later, while 
the procedures suitable for large-scale 
work will be considered here. As al¬ 
ready indicated, protection from alpha 
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particles is a relatively simple matter, 
and the same is largely true for beta 
radiation. The thickness of shielding 
for beta particles of a given energy 
decreases with increasing density of 
the material. The use of a heavy 
metal, which implies an element of 
high atomic number, is, however, not 
advisable, because the production of 
penetrating bremsstrahlung (or brak¬ 
ing radiation) accompanying the de¬ 
celeration of the beta particles in the 
absorber tends to increase with atomic 
number (§7.75). Actually, it is not 
necessary to use materials of high 
atomic weight for shielding from beta 
particles. Aluminum is satisfactory for 
many purposes and plastics, such as 
lucite, or even glass, can often be used. 

19.56. On account of their consider¬ 
able penetrating power, the absorption 
of neutrons and gamma rays is a much 
more difficult matter. Both of these 
radiations are extensively produced in 
nuclear reactors, the former being lib¬ 
erated in the fission process, whereas 
the latter are emitted by the fission 
products. It is the intense gamma 
activity of the latter which makes it 
necessary to handle spent fuel ele¬ 
ments by remote control. As with beta 
rays, the best absorbers for gamma ra¬ 
diation are materials of high density. 
In this case, however, high atomic 
number is an advantage, and hence 
lead, which has both a high density 
and a high atomic number, has been 
accepted as one of the best materials 
for gamma shielding (§ 7.96). For nu¬ 
clear reactors, in particular, and also 
for high-energy accelerators, where 
the gamma rays are accompanied by 


* It has been stated that the reason why Marie and Pierre Curie suffered no serious injury 
as a result of their extraction of radium from pitchblende on a large scale, although they 
took no special precautions, was because of the natural ventilation in the dilapidated build¬ 
ing in which they worked. . . 

t A discussion of some of the factors which determine the absorption of different types ot 
radiation in matter is given in Chapter VII. 
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neutrons, lead is not an altogether 
satisfactory shielding material, apart 
from its excessive cost. 

19.57. Since the capture cross sec¬ 
tions are, generally, larger for slow 
than for fast neutrons (§ 11.96), it is 
evident that the most effective neutron 
shielding can be achieved by first de¬ 
creasing the speed of these particles, 
and then absorbing them in a suitable 
material. Slowing down of the neu¬ 
trons of high energy, e.g., in excess of 
1 Mev, is best achieved by taking ad¬ 
vantage of the inelastic scattering 
with an element of fairly high mass 
number (§ 11,61). This will bring the 
neutron energy down to about 0.1 Mev 
when the familiar moderators, i.e., 
elements of low mass number, are most 
effective in slowing down neutrons. 
For this purpose, hydrogen, in the 
form of water, is particularly suit¬ 
able. 1 he hydrogen and other nuclei 
present also serve to capture slow neu¬ 
trons in (n,y) reactions. As a result, 
however, gamma radiation is emitted 
and this must be attenuated as far as 
possible. 

19.58. Concrete has been widely 
used for reactor shielding, because it 
is also a convenient and cheap struc^ 
tural material. It contains a sub¬ 
stantial amount of hydrogen, from the 
water used in its composition, as well 
as heavier elements, such as calcium 
and silicon, for slowing down and ab¬ 
sorbing neutrons and attenuating 
gamma rays. About 8 feet of ordinary 
concrete is a satisfactory shield for 
most reactors, since the radiation 
which escapes does not exceed the 
maximum permissible dose for an 8- 
hour exposure. Instead of using ordi¬ 
nary concrete, reactor shields are 
generally constructed from special 
”heavy” concretes, incorporating an 
iron ore, such us limouite, and either 


steel punchings or the mineral barytes 
(barium sulfate). The elements of 
high mass number, he., iron and bar¬ 
ium, slow down the very fast neu¬ 
trons by inelastic scattering colli¬ 
sions, and also help greatly in the 
attenuation of the gamma radiations. 

19.59. There is always a possibility, 
although a remote one, that an acci¬ 
dent might lead to the disruption of a 
nuclear reactor and the consequent 
spread of fission products over a con¬ 
siderable area. Hence, reactors de¬ 
signed for central power supply pur¬ 
poses are either located underground 
(§15-79) or are surrounded by a 
large dome-shaped structure designed 
I to contain any radioactive material 
that may escape from the core. These 
measures provide adequate protection 
for those living in localities surround¬ 
ing nuclear power plants. As a further 
measure of protection, such plants are 
located at considerable distances, from 
inhabited areas. 

Effluent Control and 
Waste Disposal' 

19.60. The control of radioactive 
effluents from nuclear reactors and 
from plants where the spent fuel is 
processed, and the disposal of waste 
material from biological and chemical 
laboratories are important aspects of 
radiation protection. The problem of 
dealing with noxious waste products is 
not restricted to atomic energy in¬ 
stallations; it is one which many large 
industries must deal with in their daily 
operations. But the disposal of radio¬ 
active material does represent a situa¬ 
tion concerning which there has been 
virtually no past experience to act as 
a guide. Consequently, it is an area of 
health physics which is being given 
active {attention. The danger associ¬ 
ated with nulioHclive wastes is mainly 
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due to the possibility that the soil 
or water may become contaminated, 
with the result that active material 
may ultimately find its way into food 
or drink consumed by human beings. 
It is this hazard that has to be borne 
in mind in the study of the treatment 
and control of radioactive effluents. As 
the nuclear power industry grows, so 
the amount of radioactive effluent to 
be treated will increase accordingly. 
Fortunately, research on the develop¬ 
ment of atomic energy and on the 
disposal of waste is being carried out 
simultaneously, so that progress in the 
latter will undoubtedly keep pace with 
the former. 

19.61. By far the largest proportion 
of radioactive effluent material arises 
from nuclear reactors and the asso¬ 
ciated processing plants. The sub¬ 
stances may be either in the gaseous, 
the liquid or the solid state, and the 
origin and disposal of these three types 
will be examined in turn. Gaseous ra¬ 
dioactive effluent results from two 
causes: first, the air used for cooling 
reactors, and second, the gases lib¬ 
erated from, and in the treatment of, 
the fission products. The uranium- 
graphite reactors at Oak Ridge and 
at Brookhaven are both cooled by air. 
Due to the action of neutrons, this air 
is likely to contain the radionuclides 
C 14 , N 16 , O 19 and A 41 , arising from the 
reactions N 14 (n y p) C 14 , N 15 (n,y) N 16 , 
0 18 (n,y)0 19 and A 40 O,y) A 41 , respec¬ 
tively. Of these, N 16 and O 19 present 
no hazard, since they have such short 
half lives, namely, 7.4 seconds and 
29.4 seconds, respectively, and are 
formed in negligible amounts. The 
proportion of C 14 is also small, and so 
the radioactive argon-41, with a half 
life of 110 minutes, is the chief source 
of danger. In addition there is a possi¬ 
bility that radioactive dust may be 
carried off in the air. 
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19.62. Consequently, after having 
traversed the reactor, to act as cool¬ 
ant, the air is passed through pre¬ 
cipitators and filters, to remove sus¬ 
pended particles, and then is dis¬ 
charged through a tall stack. The one 
at Oak Ridge is 200 feet high, and 
that at Brookhaven has a height of 
320 feet. At these high levels, the air 
containing small amounts of radio¬ 
argon rapidly mixes with large quanti¬ 
ties of atmospheric air, thus greatly 
diluting the activity. In order to make 
sure there is no contamination, the air 
in the vicinity of the reactor building 
and at distances up to several miles 
from the stack is continuously moni¬ 
tored for radioactivity. At Brook¬ 
haven, the operation of the reactor is 
coordinated with an elaborate mete¬ 
orological system, and it is shut down, 
partially or completely, whenever 
there are indications that the condi¬ 
tions may not be favorable for dis¬ 
persal of the radioactive gases emer¬ 
ging from the stack. 

19.63. When the spent fuel elements 
from a nuclear reactor are processed, 
they are first dissolved in nitric acid, 
and so radioactive gases are evolved. 
These include iodine vapor as well as 
the chemically inert krypton and 
xenon. The gases are diluted and car¬ 
ried away by large volumes of air from 
the ventilation system of the remotely 
controlled separation plants and are 
discharged to the atmosphere through 
high stacks. Monitoring of the area 
surrounding the plants at Hanford, 
Washington, indicated the desirability 
of removing solid particles and, if pos¬ 
sible, the radioiodine. As a result, a 
simple but effective filter was designed 
and put into operation. It has proved 
very successful in reducing the activity 
of the gases coming from the separa¬ 
tion plant. In any event, the chemical 
processing of spent fuel is stopped 
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when the meteorological conditions 
show there is a possibility of the stack 
discharge gases being swept to the 
ground. If at any time it is decided i 
that a further reduction in the radio- 
activity of the effluent gases is desir¬ 
able, it can be achieved very simply 1 
by allowing a longer “cooling” period 
between removal of the spent fuel I 
from the reactor and its transfer to 
the processing plant. 

19.64. Liquid effluents are of several 
very different types. The simplest to 
deal with is the onee-through cooling 
water, such as is used for the produc¬ 
tion reactors at the Hanford and 
Savannah River plants. The water 
acquires some activity due to the cap¬ 
ture of neutrons by impurities, but 
this is kept at a minimum by purifica¬ 
tion of the water before it enters the 
reactor system. After passage through 
the reactor, the water is stored for 
some time to permit the radioactivity 
to decay to some extent before it is 
discharged at a controlled rate into a 
river. Because of the careful control, 
the river water, after the usual filtra¬ 
tion treatment, has proved completely 
satisfactory for domestic use. 

19.65. Essentially all power reactor 
designs, as described in Chapter XV, 
employ closed cooling systems. The 
coolant, whether it be water, sodium, 
a gas or an organic liquid, is used over 
and over again. The heat is transferred 
to water in a heat exchanger (or 
boiler), and this is also in a closed 
cycle. Even if some of this water or 
steam should escape, it would not 
represent a hazard since it is not ra¬ 
dioactive. A possible exception might 
he in the case of a boiling water re¬ 
actor (§ 15.82), 

19.66. A more difficult typo of liquid 
waste for disposal is that containing i 
considerable amounts of fission prod¬ 
ucts or other radioactive elements. 
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Two main procedures have been used: 
namely, ( 1 ) dilution and dispersal 
and ( 2 ) concentration and storage. 
The first method is more suited to 
liquids having a low level of activity. 
They are held for some time to permit 
much of the radioactivity to decay, 
and are then extensively diluted and 
dispersed in large volumes of water. 
Alternatively, if the soil has good ion- 
exchange properties (§13.78), the 
liquid waste may be run directly into 
pits dug in the ground. As the liquid 
percolates through the earth, the ra¬ 
dioactive material is retained by the 
soil, whereas the residua] liquid seeps 
away. 

19.67. The treatment of liquids of 
moderate or high activity is more dif¬ 
ficult. They are generally concentrated 
so as to reduce the volume, and then 
stored in a place where they do not 
constitute a hazard. One way of con¬ 
centrating the liquid waste is to 
evaporate off excess water. This has 
proved to be very satisfactory, but it 
is expensive and so other procedures 
have been developed. Of these, the 
method described in § 15.113, whereby 
the radioactive material is concen¬ 
trated in a special clay, appears to. 
show promise. The concentrated 
waste, no matter how obtained, is 
either stored in underground tanks or 
it is buried directly in the ground in 
a suitable location. 

19.68. Solid wastes are not en¬ 
countered in large amounts; much of 
it is incidental material that- has 
become contaminated with radio¬ 
active substances in the course of 
plant operation or experimental work. 
Sometimes metallic articles can be de¬ 
contaminated chemically by means of 
acids or other reagents, otherwise they 
arc buried in the ground in a protected 
area. Contaminated wooden buildings 
arc washed, and then painted to hold 
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in the radioactive particles, thus re¬ 
ducing the risks involved in disman- 
I ling. The boards, like other solid 
wastes, are then buried. The treat¬ 
ment of buildings liable to be con¬ 
taminated is facilitated by painting 
the walls, floors and various objects 
with a film of plastic material. From 
time to time the film can be stripped 
off and buried, and a new film painted 
on. It would appear, at first sight, that 
contaminated wood, clothing, biolog¬ 
ical specimens and similar substances 
could be destroyed by burning. How¬ 
ever, since the smoke is radioactive, 
special incinerators, which do not per¬ 
mit escape of smoke particles, must 
be used for this purpose. 

Radiochemical Laboratories 

19.69. Since a great deal of chemical 
and biochemical work of various kinds 
is now being performed with radio¬ 
active materials, the question of the 
proper design of laboratories has be¬ 
come a matter of significance. In this 
connection there are two essential as¬ 
pects which have to be kept in mind. 
The first is the necessity for prevent¬ 
ing radioactive contamination of ma¬ 
terials and equipment, which would 
vitiate the experimental results; and 
the second is the importance of avoid¬ 
ing access of active substances or of 
radiation to the body of the worker. 
Both of these considerations suggest 
the desirability of carrying out opera¬ 
tions with radioactive materials in 
different laboratories, according to the 
degree of activity involved. The pre¬ 
cautions which must be taken against 
the radiation hazard when dealing 
with quantities having an activity of 
a curie are very different from those 
necessary when the activity is only a 
millionth part of a curie, that is, a 
microcurie (§17.37). At the same 
time, the contamination, by a minute 
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quantity of material of curie activity, 
of an experiment being carried out at 
the microcurie level would be com¬ 
pletely ruinous. 

19.70. As far as the great majority 
of laboratory experiments are con¬ 
cerned, three levels of activity may be 
considered; these are first, activities 
below 1 microcurie; second, those be¬ 
tween about 1 microcurie and 1 milli- 
curie (one thousandth part of a 
curie); and third, those in the range 
from about 1 millicurie to 1 curie. It 
should be understood that the lower 
and upper limits mentioned in each 
case are approximate, and are in¬ 
tended as a rough indication only. 
Work involving materials with activ¬ 
ities exceeding the curie level is per¬ 
formed in special concrete cells or 
cubicles, often referred to as “caves,” 
with walls at least two feet thick. 

19.71. A problem which radiochemi¬ 
cal investigations of all activity levels 
have in common is that of preventing 
contamination of both equipment and 
personnel. The situation is, however, 
somewhat similar to that existing in 
bacteriological laboratories, and the 
proper techniques must accordingly be 
employed. But the procedures, which 
have been called radiochemical asep¬ 
sis, must be learned and rigorously 
practiced at all times. 

19.72. If the activity of the experi¬ 
mental material is below the micro- 
curie level, the work can usually be 
done in an ordinary laboratory by 
taking reasonable precautions. This is 
the case with much isotopic tracer 
work with radionuclides which do not 
emit gamma radiation. The only spe¬ 
cial requirements are a place for stor¬ 
ing and handling the main stock of 
the isotope, and, as in all radioactive 
studies, a well-shielded room for 
counting, where the background ac¬ 
tivity is kept as low as possible. In 
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Fig. 19.3. Lucite shields for protection from beta radiation. 


spite of the relatively feeble activity 
at the microcurie levels, precautions 
must be taken in handling the mate¬ 
rials. Rubber gloves should be worn, 
and vessels containing radioactive 
solids and liquids should be manipu¬ 
lated with tongs. 


19.73. For work in the intermediate 
range, roughly from 1 microcufie to 
1 millicurie, a special “semi-hot” labo¬ 
ratory or, at least, one which has been 
suitably adapted, is recommended. An 
important feature of such a laboratory 
is a well-ventilated radiochemical 
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hood, with a stainless steel interior 
which can be cleaned with acid for re¬ 
moval of contamination. The working 
surface should also be of stainless 
steel. Alternatively, aluminum or 
other materials may be used to con¬ 
struct the hood, the interior being 
covered with a thin coat of plastic 
material which can be stripped off and 
repainted from time to time. The work 
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But for radionuclides which emit soft 
beta radiations of low energy, and no 
gamma rays, such as H 3 (tritium), 
C 14 , S 35 and Ca 45 , a minimum distance 
of six inches from a glass vessel, 
achieved by means of tongs, combined 
with the use of heavy rubber gloves, 
provides sufficient protection in the 
activity range under consideration. 
Nevertheless, it should be remembered 



Fig 19.5. Mechanical aid for performing delicate manipulations by remote 

control. 


benches or desks should have stainless 
steel tops or stainless steel trays may 
be used on ordinary desk tops. Ab¬ 
sorbent paper may be placed in the 
trays to facilitate cleaning up of 
spilled material. 

19.74. At the intermediate activity 
love!, which includes tracer experi¬ 
ments witli appreciable amounts oi 
beta emitters, especially if gamma ra¬ 
diations are presold, proper shielding 
is essent ial in protect I he operator. | 


that the activity over the top of an 
open beaker is greater than at the 
sides or below, because the glass ab¬ 
sorbs much of the soft beta-radiation. 

19.75. For other isotopes, two 
shielding techniques have been de¬ 
veloped, the one to be used depending 
on the circumstances. In “close” 
shielding, each piece of equipment, is 
shielded individually; it may bo used 
with substances emitting soft gamma 
rays of low penetrating power. Truns- 
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parent lucite shields, of about an inch 
in thickness, have been employed for 
this purpose (Fig. 19.3). For opera¬ 
tions in which close shielding is not 
convenient, or where fairly hard 
gamma radiation is being emitted, 
“barrier” shielding is preferable. A 
sufficiently high barrier, usually made 
of interlocking lead blocks, is built 
around the material and equipment 
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tories, for experiments in which activ¬ 
ities of one or more millicuries are 
involved, should be specially built for 
the purpose, with all surfaces, includ¬ 
ing floors and walls, of a non¬ 
absorbent washable material. Projec¬ 
tions where dust particles can collect 
must be avoided. Virtually all the 
working space and the sinks should he 
of stainless steel under efficiently ven- 



Fig. 19.6. Manipulation at a distance of radioisotope bottling device with the aid 

of a periscope. 


required for an experiment. Manipu¬ 
lation is carried out with long-handled 
tongs, or by means of various devices 
which have been developed for operat¬ 
ing at a distance. A pantograph 
manipulator for filling and emptying 
pipettes is shown in Fig. 19.4; the 
operator views the instrument through 
a mirror seen at the hack of the 
enclosure. 

19.76. The so-called "hot” lahora- 


tilated hoods. There should be ade¬ 
quate permanent shielding, of lead or 
concrete, built in underneath the table 
tops and behind the walls of hoods, 
and all work must be performed with 
proper barriers. Special care must, of 
course, he taken in the disposal of 
waste materials. 

19.77. Because work with appre¬ 
ciable quantities of radioactive ma¬ 
terials must he carried out on the 
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farther side of a high barrier, remote 
control becomes necessary. A variety 
of ingenious mechanical aids (Fig- 
19.5} have been devised for making 
this possible. Where the equipment is 
not directly visible, periscopes and 
mirrors are frequently employed, but. 
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possible, so that they can be carried 
out by remote control. Experiments of 
this kind, and in fact many of the 
studies made in “hot” laboratories, are 
first carried out with inactive mate¬ 
rials, so that a definite routine pro¬ 
cedure is established before the haz- 



Fm 19 7 Glove box (or “dry box”) for work with emitters of alpha or short-range 
rl ' beta particles. 


the manipulation of apparatus at a 
distance, in this manner, obviously 
requires considerable practice (Fig. 
19.6). 

19.78. The highest activity range, 
where curie quantities are handled, is I 
not commonly encountered except at 
a few atomic energy installations. The 
work is then performed, as stated 
earlier, in well-shielded “hot cells or 
“caves.” On account of the difficulties 
of manipulation, all operations are 
specially planned to be as simple as 


| ardous substances are actually used. 

19.79. It has been already men- 
1 turned that the chief danger when 
I working with alpha emitters lies m 
the possibility of the active substance 
entering the human system. A few 
centimeters of air and the use of gloves 
is quite adequate to shield the experi¬ 
menter from external alpha radiation. 
Small-scale operations with alpha- 
active radionuclides arc consequently 
frequently performed in what is 
known as a “dry box” or, better, as 
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a “glove box” (Fig. 19.7). Various 
types have been designed, but in es- , 
sence it is a closed box, with a sloping 
glass front, through which a current of 
air is drawn. A pair of rubber gloves 
are sealed in, so that the hands may 
be placed in them; operations can 
then be carried out inside the box with 
full visibility and without danger. 
Glove boxes are also often used for 
experimental work with emitters of 
soft, i.e., low energy and short range, 
beta particles. 

19.80. The various procedures used 
for the monitoring of personnel and of 
operations, which were described in 
§ 19.38 et seq., are also adopted in all 
laboratories where appreciable quan¬ 
tities of radioactive materials are 
handled. In many instances the loca¬ 
tion and nature of the experiments are 
planned in advance, and even exe¬ 
cuted, in collaboration with health 
physicists and chemists. 

19.81. In all laboratories using 
radioisotopes care must be taken in 
the disposal of waste material. It is 
not permissible simply to adopt the 
common chemical practice of washing 
wastes down the sink. Two general 
principles are recommended in the dis- 
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posal of radioactive wastes from tracer 
studies. First, the particular radio¬ 
isotope should be mixed with a large 
amount of a stable isotope (or iso¬ 
topes) of the same element in the same 
chemical form. In this way, the 
amount of active material likely to be 
taken up, by a plant or other living 
organism, is greatly diminished, since 
the various isotopes of a given element 
will be absorbed in the proportions 
present. Second, the waste solution 
should be very greatly diluted with 
water, so as to reduce the activity in 
a given volume before discharge to the 
sewer. By keeping below certain lim¬ 
its, radiophosphorus (P 32 ) and radio- 
iodine (I 131 ) can be disposed of in 
this manner. Radioactive carbon (C 14 ) 
compounds can be burned, and the 
gases exhausted into the air, with due 
precautions to insure very thorough 
dilution. All radioactive wastes can be 
buried in the earth, at a minimum 
depth of five feet, in suitably restricted 
areas, provided the material is first 
mixed with a stable isotope of the 
same element, in the same chemical 
form. The activity of the riiaterial 
that may be buried each day is strictly 
limited. 


GENETIC EFFECTS OF RADIATION 


Spontaneous Mutations 

19.82. According to the views gen¬ 
erally accepted at the present time, 
the mechanism of heredity, which is 
basically similar in all sexually re¬ 
producing plants and animals, includ¬ 
ing man, is somewhat as follows. The 
microscopically visible chromosomes, 
present in dividing cells (§ 19.7), are 
believed to be differentiated along 
their length into thousands of sub- 
microscopic units, called genes. Each 
gene is supposed to be associated with 


a particular physical characteristic; in 
man, for example, among such char¬ 
acteristics would be hair color, eye 
color, body size, mental ability and 
so on. The chromosomes and genes 
exist in every cell in the body, bpt 
from the point of view of genetics (or 
heredity), it is only those in the germ 
cells, present in the reproductive or¬ 
gans, that are important. 

19.83. Body cells normally contain 
a definite number of chromosomes con¬ 
sisting of two similar, but not iden- 
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tical, sets. For example, human body 
cells contain 46 chromosomes made up 
of two sets of 23 chromosomes. One of 
these sets is inherited from the mother, 
which contributes the egg cell, and 
the other set, equal in number but 
with somewhat different characteris¬ 
tics, conics from the sperm cell of the 
father. As the individual develops, 
following upon the fusion of the origi¬ 
nal egg and sperm cells, the chromo¬ 
somes and genes, derived from the 
parents, are generally duplicated with¬ 
out change. In this way, all the char¬ 
acteristics of the offspring are derived 
from the genes of the parents. 

19.84. In rare instances, however, a 
deviation from the normal behavior 
occurs and instead of the chromo¬ 
somes duplicating themselves in every 
respect, there is a change in one or 
more of the genes; this change is called 
a mutation. A mutation is often ap¬ 
parent by the development of entirely 
new characteristics, not derived from 
the parents. In plants and animal 
breeding, such mutations are often 
referred to as “sports.” If the muta¬ 
tion has occurred in a body cell 
(somatic mutation! some effect, may 
be evident in the individual, but it 
will not be passed on to succeeding 
generations.* But if the mutation has 
taken place in a germ cell (genetic 
mutation), the new characteristic will 
probably appear in a later generation. 
The mutations which occur naturally, 
without any definitely assignable 
cause or human intervention, are 
called spontaneous mutations. 

19.SS. All genes have the property 
of being either dominant or recessive. 
If the gene is a dominant one, then 
the characteristic affected by that gene 
will appear in the offspring, even if it 
is contributed by the germ cell of only 
one of the parents. On the other hand, 
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a particular recessive gene must be 
present in the germ cells of both 
parents if the characteristic is to be 
apparent in the next generation. A 
recessive gene may consequently be 
latent for a number of generations, 
until the occasion arises for the union 
of sperm and egg cells, both of which 
contain the particular gene. As a gen¬ 
eral rale, gene mutations are reces¬ 
sive, but they are seldom completely 
recessive. Thus, some effect is observ¬ 
able in the next generation, even when 
the particular gene is inherited from 
only one parent. 

19.86. Mutations are often differen¬ 
tiated in the respect that they are 
said to be beneficial or deleterious, 
although the exact classification may 
vary with the point of view. In the 
great, majority of cases, mutations are 
deleterious to the plant or animal in 
which they occur, in the respect that 
they lead to decreased probability of 
survival. A very few of the changes 
accompanying mutations are undoubt¬ 
edly beneficial, hut their consequences 
become apparent only in the course 
of the slow process of biological 
evolution. Nevertheless, it is by the 
breeding and interbreeding of mutant 
strains that there have been obtained 
many fruits and vegetables which are 
useful to man. 

Mutations Caused by Radiations 

19.88. In 1927, the important dis¬ 
covery was made by H. ,T. Muller in 
the United States that the rate of ap¬ 
pearance of mutations in Drosophila 
melanogaster , the common fruit fly, 
could be increased by exposure to 
X-rays. Subsequently, mutations in¬ 
duced by radiations, including alpha 
and beta particles, gamma rays and 
neutrons, have been observed in other 
1 forms of life, both animal and vege- 


* In plants such somatic mutations are perpetuated by vegetative propagation. 


615 


Radiation Protection and Health Physics 


table. A considerable amount of work, 
especially from the biochemical stand¬ 
point, has been done on the influence 
of radiation on the red-colored bread 
mold known as Neurospora crassa, a 
simple form of plant life, which, for 
many reasons, is particularly suited to 
genetic studies. However, studies have 
also been made with various animal 
species, including mice, rats and rab¬ 
bits. In general, the types of muta¬ 
tions induced by radiation are similar 
to those which occur spontaneously; 
essentially, the effect of radiation is to 
increase the probability of the occur¬ 
rence of mutations. 

19.89. The mechanism of the genetic 
effects of radiation is not yet under¬ 
stood, and three modes of action, 
which are not mutually exclusive, have 
been considered. In the first place, the 
radiation may produce toxic sub¬ 
stances which affect the genes. It may 
be mentioned in this connection that 
certain chemicals, notably mustard 
gas and related compounds, cause 
mutations similar to those resulting 
from radiation exposure. The second 
possibility is that, due to ionization, 
chemical bonds may be broken in the 
genes, which are believed to be large, 
complex chemical molecules, similar 
to proteins, thus destroying them or 
changing their nature. A third sug¬ 
gestion is that the radiation may cause 
two or more breaks in the chromo¬ 
some; the separate parts then tend to 
rejoin, as it is known they do, but as a 
result a short section, containing one 
or more genes, may be lost. In any 
case, there may be a rearrangement 
within the chromosome leading to 
genetic changes. 

Genetic Effects of Radiation 

19.90. Experiments with various 
types of animals have shown that the 
increased frequency of occurrence of 


gene mutations as a result of exposure 
to radiation is approximately propor¬ 
tional to the total dose received by the 
reproductive glands of the parents 
from the beginning of their develop¬ 
ment to the time of conception of the 
progeny. There is apparently no 
amount of radiation, however small, 
that does not cause some increase in 
the normal mutation frequency. In 
fact, it is probable that a certain pro¬ 
portion of the so-called spontaneous 
mutations may be due to the back¬ 
ground radiation to which all living 
things are exposed (§ 19.29). 

19.91. The dose rate of the radiation 
exposure and its duration have little 
effect on the increase in the mutation 
frequency. It is the total accumulated 
dose to the reproductive glands at the 
time of fusion of the egg and, sperm 
cells that is the important quantity. 
It should be pointed out, however, 
that a large accumulated dose of 
radiation does not mean that the re¬ 
sulting mutations will be more harm¬ 
ful than for a smaller dose. With a 
large dose, the mutations will, in 
general, be the same as for a small 
dose, and they will also be similar to 
those occurring spontaneously, but the 
frequency of their occurrence will be 
increased. 

19.92. The harmful effects of a del¬ 
eterious mutation may be relatively 
minor, such as an increased suscepti¬ 
bility to disease or a decrease in life 
expectancy of a few months. On the 
other hand, they may be more serious, 
such as death in the embryonic stage 
or the inability to reproduce further 
generations. Thus, individuals bearing 
deleterious genes are handicapped 
relative to others, particularly in the 
respect that they have fewer progeny 
and die earlier, on the average. It is 
apparent, therefore, that such genes 
will be eventually eliminated from 
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the population. A gene that is very 
harmful will be eliminated rapidly, 
since few (if any) individuals carry¬ 
ing such genes will survive to the age 
of reproduction. On the other hand, a 
slightly deleterious gene may persist 
much longer and thereby do harm, 
although of a less severe character, to 
a larger number of individuals. 

19.93. It has been estimated that 
the amount of radiation, in addition 
to that received from natural back¬ 
ground sources, required to double the 
rate at which spontaneous mutations 
are already occurring in the human 
race, is an accumulated dose to the 
reproductive glands of probably be¬ 
tween 30 and 80 roentgens, prior to 
conception, for each member of the 
population. A proportionately larger 
dose to a fraction of the population 
would have a somewhat similar effect 
on the frequency of mutations and 
their ultimate consequences. It is with 
the objective of minimizing the in¬ 
crease in the normal mutation rate 
that the recommendations concerning 
the maximum permissible total ac¬ 
cumulated dose of radiation were 
made, as described in § 19.35. 

19.94. The discussion so far has 
been concerned with deleterious muta¬ 
tions: what of the beneficial muta¬ 
tions? It is true that they are very 
rare, but they have nevertheless con¬ 
tributed to the evolutionary progress 
of the human race. It may be won¬ 
dered, therefore, whether radiation 
exposure might not have some favor¬ 
able effects due to the increase in the 
number of beneficial mutations. The 
general feeling, however, is that the 
present normal frequency of sponta¬ 
neous mutations provides a sufficient 
degree of genetic variability for fur¬ 
ther evolution at a satisfactory rate. 
In other words, it is considered that 
the possible ultimate advantages to 
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the human race resulting from an in¬ 
crease in the beneficial mutations is 
greatly outweighed by the immediate 
drawbacks due to the more numerous 
deleterious mutations. 

19.95. In the plant world, however, 
the situation is quite different. Plant 
breeders have long made use of the 
selection and breeding of mutant 
strains, produced spontaneously, to 
develop improved varieties of vege¬ 
tables, cereals, fruits and flowers. Ra¬ 
diation has now provided a means 
for greatly increasing the mutation 
frequency, thereby increasing the 
probability of the occurrence of a 
desirable trait in a given plant. The 
fact that the great majority of the 
mutations which occur are undesirable 
is of no consequence to the plant 
breeder. These are simply rejected and 
further effort is concentrated on the 
few that appear to be favorable from 
one standpoint or another. 

19.96. Considerable work is pro¬ 
ceeding in various countries, notably 
Norway, Sweden, the United States 
and the U.S.S.R., for the purpose of 
developing improved varieties of use¬ 
ful plants by exposure of either the 
growing plant or the seed to radiation, 
e.g., to gamma rays from cobalt-60 
or to neutrons in a reactor. Among the 

1 promising results achieved so far, the 
following may be mentioned: cereals 
which ripen earlier or give higher 
yields; peanuts which are superior in 
yield, better adapted to mechanical 
harvesting and are resistant to a seri¬ 
ous leaf spot disease; a variety of oats 
resistant to stem rust and another, 
normally susceptible to Victoria 
blight, with a greatly increased re¬ 
sistance to this disease. In addition, 
several interesting somatic mutations, 
capable of vegetative propagation, 
have been produced in carnations and 
other flowers. 
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19.97. Perhaps the greatest interest , 
of the production of mutations by 
radiations lies in the possibility of 
developing disease resistant varieties 
of agricultural plants. It has been esti¬ 
mated that, in the United States alone, 
plant diseases cause losses valued at 
about three billion dollars annually. 
It would thus appear to be appropri- 
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ate to close this book with a quotation 
from Enrico Fermi, who contributed 
so much to the development of 
atomic physics: “I believe . . . that 
the conquest of atomic energy may be 
widely used to produce not destruc¬ 
tion, but an age of plenty for the 
human race.” 
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production of heavy water by, 8.109-8.il 
and unit electric charge, 2.25, 256, 2-29 
Electron (and electronic), 2.25-2.60, 2104, 
2113 2 114 

acceleration, 9.36, 9.44, 9.50-9.52, 9.75-9.86, 
9.87-9.95 

angular momentum, 4.52 
and atomic spectra, 4.42-4^0 
in atoms, 2.52. 4.68-4*70 
capture, orbital, 10105-10109 
charge, 2.32-2,41 

determination, 2.30-2.43 
specific, 2.42-2.50. 2,55 
value, 2.41, 2.51 
counting, see Bela particle 
diff r act ion, 3.42 * 3.43 
and electricity, 2,52, 2.53 
energy levels in atom, 4.45-4,48, 4.55, 4.58 
excited state, 4.47 
extranuclear, Electron, orbital 
around state, 4.47 

internal conversion, 5.50, 7106-7111 
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Electron (cont’d): 
mass, 2.51, 2.56-2.58 
and velocity, 3.61-3.63 
microscope, 1.67, 3.43, 7.46 
named, 2,29, 2.51 
number in atom, 414, 4.22, 4.23 
orbit, 4.45, 4.59, 4.60 
orbital, 4,29, 4.31, 4.42-4.76, 12.6 
and chemical properties, 8.16 
and Pauli principle, 4.62-4 67, 4.70 
and periodic system, 4.68-4.70 
particle nature, 2.48-2.51 
positive, see Positron 
-positron pair, see Positron-eloch ri |>;iir 
as projectile, 10.56, 10.57 
quantum numbers, 4.51-4.76 
magnetic, 4.53 
orbital, 4.52 

and Pauli principle, 4.62^,67, 4.70 
principal, 4.51-4.55 
spin, 4.54 

and wave mechanics, 4.56-4.61 
radius, 2.59 

secondary, in radioactivity, 7.43, 7106 
specific charge, 2.42-2.50, 2.55 
spin, 4.54 

stationary state, 4.45, 4.51, 4.55 
transitions, 4.45, 4.55, 4.71 
allowed and forbidden, 4.55 
-volt unit, definition, 3.33 
wave nature, 3.42-3.45 
and X-rays, 2.89, 2.92, 3.34, 4.71-4.75, 7.75 
See also Beta particles 
Electroscope, gold leaf, 2100, 6.17 
Lauritsen, 618, 6.19, 19.42 
quartz-fiber, 618, 619 

Electrostatic generator, see Van de Graaff 
accelerator 

Element-43, see Technetium 
Element-61, see Promethium 
Element-85, see Astatine 
Element-87, see Francium 
Elements, 1.11-1.15 
atoms and molecules of, 1.29 
classification, 1.40-1.49 
daughter, in radioactive decay, 5.42, 5.43, 
7.111 

definition, Boyle’s, 111 
Greek, 1.8-1.10, 9.1 
Lavoisier’s, 112 
modern, 1.14, 5.28 
heavy, 1.64 
identification, 114 
isotopes, table of, 8.47 
isotopic composition, 8.46-8.49 
missing, 16.72-16.91 
monatomic, 1.30 
new, 1.49, 161-16.101 
number of, 1.13 

parent, in radioactive decay, 5.42, 7.111 
periodic table of, 1.44 
rudiottctive, art? Radioactive elements, 
Radionvicliilew 
symbols, 116, 1.17, 1.37 
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Elements ( conVd ): 

transmutation, 91-9.7, 910-913; see also 
Nuclear transformations 
valence of, 1.25 
Energy, 31-3.5 
atomic, see Atomic energy 
conservation of, 3.73-3.78 
fission, see Fission 
forms of, 31-3.5 
fusion, see Fusion 
kinetic, 3.5 

levels, electronic, 4.45-4.47 
nuclear, 4.83, 4.84 

-mass equivalence, 3.70-3.72, 3.76-3.82, 
3.84; see also Mass-energy relation¬ 
ship 

nuclear, see Atomic energy 
potential, 3.5 

quantum, 3.29, 3.35; see also Quantum 
radiant, 3.6, 3.7 
of stars, see Stellar energy 
Equivalent weight, Dalton’s, 1.22-1.24 
definition, 1.22 
determination, 1.36 
Erg, definition, 3.32 
Erythema, radiation, 19.11 
Ether, luminiferous, 3.54-3.61 
Ev, definition, 3.33 

Exchange forces, nuclear, 12.31-12.36 
Excitation function, 10.27 

Faraday, cylinder, 2.20 
laws of electrolysis, 2.24, 2.28 
unit, 2.24, 2.27 
Fast fission factor, 14.35 
Fast reactor, 15.7-15.9, 15.28, 15.61, 15.101- 
15.108 

Feather plot, 7.76 
Fermion, 18.80 
Fermi plot, 7.54 

theory of beta decay, 7.50, 7.58 
Fermium, 16.56-16.58 
Fertile material, 15.13, 15.39 
Field, definition, 2.11 
electromagnetic, 12.22 
meson, 12.22-12.30 
Film badge, 19.39-19.41 
Fission, 10.60, 10.61, 10.64, 10.65, 10.104, 
11.46, 13.1-13.95 
and atomic number, 13.54 
chain, 13.11, 13.74, 14.27-14.54 
chamber, 11.29, 11.31, 13.73 
critical energy, 13.47-13.63 
decay chains, 13.74, 13.90-13.95 
discovery, 13.1-13.13 

energy, 13.12, 13.20-13.28, 14.1-14.26; see 
also Atomic energy 
balance, 13.28 
calculation, 13.21-13.24 
measurement, 13.26, 13.27 
foal-neutron, 1316, 13.67-13.71 
fragmvtilH. 13.15; free oho Fissitm products 
tieoay, 1311, 13.74, 13.80-13,05 
ionbmtioA by, 13.12, 1313, 13,73 

















Subject Index 


630 

Fission (coni'd ): 
mechanism, 13.46-13,57 
modes of, 13.25, 13 £3 
for neutron detection, 11.29, 11.65, 11.66 
neutron emission, 13,1, 13.37-13.45 
phenomena, 13.1-13.45 
potential barrier. 13,58-13.62 
products, 13.15, 13.26-13.36, 13,72-13.95 
decay, 13.11, 13.74, 13,86—13.95 
energy distribution, 13,26-13,28 
identification, 13.76-13,89 
mass distribution, 13.29-13,36 
number of, 13.75 
properties, 13*72-13.75 
slow-neutron, 13.16, 13.68-13.< I 
spontaneous, 13.19, 13.46, 13,62 
of stable elements, 10.61, 13.18 
theory of, 13.10-13,12, 13,37, 13.46-13.71 
liquid-drop model, 13,49—13.57 
types of, 13.16-13.19 
yield, 13.30-13.35, 13.88, 13.89 
Fitzgerald contraction, 3.61-3,63 
Fluorescence, 2.98 
Formula, atomic, 1.16 
molecular, 1,17 
Four-element theory, 1.8-1.10 
Francium, 5,61, 5.62, 16*72—16.74, 16.96—16.98 
Frequency, definition, 3.13 
Fuel, nuclear, see Nuclear fuel 
Fusion, 14.87-14,116 

catalyzed, low temperature, 14,113-14.116 
on earth, 14.102-14,112 
in stars, 14,92-14.101 

Gamma rays, 2.110-2.114, 3.20, 3.25 
absorption, 7.86-7.96 
in alpha decay, 7.85, 7.100-7.103 
annihilation, see Annihilation radiation 
in atomic explosions* 14.86 
Compton effect, 3.36, 7.87—7.89 
detection of, 6.17, 6.20-6,22* 6.25, 6.36, 
6.39, 6.40, 6.52, 6.54 

emission in nuclear reactions, 10.14, 
10,42, 10.44 
in fission, 13.27, 13.28 
energy determination, 7,97—7*100 
fission by. 13.17 
hazard, 19,5, 19.21, 19,25, 19 26 

m onitori n g. 19 .38* 1 9 .39, 19 ,42* 19 ,43; 

see also Radiation, monitoring 
shielding, 7.95, 19.56, 19.58 
internal conversion, 7.106-7.111 
ionization by, 6.5, 7.89 
matter, interaction with, 7.85-7.89 
nature of, 2*110 „ ^ 

in neutron production, 11.19 r 11.47, 11,48 
an*i nuc 1 ear energy leveIs, 4.84, 7.40, 
7.79, 7.85, 7*101-7.103 
and nuclear reactions, 10*52-10.55 
origin of, 7.101-7.105 
and positron-electron pair formation, 
2.74 r 2.79, 3.85, 7£8 
properties of, 7 £5-7.105 
and secondary electrons, 7.43, 7.98 


Gas (or gases), amplification, 6.23 
density, 1.31 

and molecular weight, 1.32, 1.33 
electrical discharge in, 2.14—2.20 
ideal, 1.33, 1.56 

ionization of, 2.89, 3.34, 3.36, 6.1-6.5 
kinetic theory, 1.5, 1.58, 1.65, 2.27 
molar volume, 1.56 
viscosity, 1.52 

Gaseous diffusion, separation of isotopes, 
8.78-8.88 

of neon, 8.37-8.39 
of uranium, 8.84-8.88 
Geiger formula, 7.19—7.21, 7.24 
counter (or tube), see Geiger-Muller 
counter 

Geiger-Muller counter, 6.26-6.38 
for beta particles, 6.36 
in cosmic-ray studies, 18.9, 18.10 
for gamma rays, 6.36 
gas amplification in, 6.27, 6.29 
self-quenched, 6.31 
plateau, 6.28 
threshold, 6.28 

Geiger-Nuttall rule, 7.22-7.24, 7.32 
Genetics, radiation effects, 19.82-19.97 
Gev, definition, 9.96 

Geomagnetic latitude and cosmic rays, 
18.15-18.20 

Geometry, counter, 6.41 

in cross section measurement, 11.71, 11.7J 
Glove box, 19.79 

Gold-leaf electroscope, 2.100, 6.17 
Graphite, “cold” neutron filter, 11.91 
moderator* 14.28, 15,50, 15.51, 15.93—15.95 
purification* 14.51 
Group disp lace men t law, 8.4-8.8 

and isotopes, 8.12, 8.20, 8.24 
and nuclear structure, 8.9-8.11 

Half life, biological, 19.17 
effective, 19.17 
radioactive, 5.46 

comparative* for beta decay, 7.80 
determination, 5.50-5.55 
and minimum detectable quantity, 
17.34, 17.35 

Half-value thickness, 7.93, 7*96 
Hammer tracks, 18.54 
Haplogen, 8.72 
Health physics, 19.1-19.81 
definition* 19,4 

Heavy ion, acceleration, 9.113—9,116 

applications* 10.48-10.51, 16.57, 16.58, 
16.61, 16.62 

Heavy water, see Deuterium oxide 
Helium (He®) isotope, 10.13, 10.33, 10*47, 
12.15, 12.16 

in nuclear reactions, 10.13, 10.33, 10.47 
Helium (He*) nucleus, see Alpha particle 
Hertzian waves, 3.20, 3.24, 3.25 
Hilac, 9,116 
Hohonstrahlung, 18.4 
Horse power, definition, 14.15 
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“Hot atom' 1 chemistry, 10,132, 17.42 
“Human 11 counter, 053 
Hydrogen* fun ion reaction*, 14 £7-14,116; see 
nho F i mi on, Thermonuclear reac¬ 
tions 

isotopes, compounds, 17,54, 17.55 
discovery, 8.66 8.09 
See also Deuterium, Tritium 
Hyperfragments* 18 79, 18.100, iR.Mt 
Hyperons, 18.78. 18 80, 18.94, 18.95 
Hypothesis, dcfinilmn, 17 
Hyle, 1.9 

Industrial applications of isotopes, 17.107- 
17.112 

of radiations, 17,118-17.119 
Inert gases, 1.30 

in periodic table, 1,47 
Inertia and electro magnetic mass, 2.58 
Infrared rays, 3.18, 3 25 
Interference* ace Diffraction 
Internal conversion* 5,50* 7.106-7,111 
coefficient. 7.107 

Iodine isotopes* in diagnosis, 17.88 
production, 17,31 
in thyroid treatment, 17.87 
Ion-exchange resins, 13.80 

applications, actinides, separation, 16.41, 
16-47, 18.51, 16.64, 16.56, 16.59, 16.62 
promethium, 16.83 
rare earths, 13.81-13.83 
Ionium, 5.45 

Ionization, by alpha particles, 7.2, 7.3 
avalanche, 6.22 
by beta particles, 0.2-6.4 
chamber, 6.10-6.21 
for alpha particles, 6.20, 6.21 
for beta particles* 6J7, 6.20, 6,21 
in cosmic-ray studies* 18.7 
for gamma rays, 6.17, 6.21 
for neutrons, 11.24, 14 £6 
and pulse analyzer* 6J5 
by collision, 2.16 
and condensation, 6.64r-6.67 
curve, 6.8, 6.9 

by fission fragments, 13.12, 13.13 
by gamma rays, 6.5, 7.89 
instruments, 6.10-6.41 
by radioactive radiations, 2.94 
and radiation measurement, 6.1-6.41 
specific, 6.1-6.5 
in tissue, 19.5, 19.6 
by X-rays, 2.83* 3,34* 3.36, 3.37, 6.5 
Ionizing particles* counting, see Counting 
instruments 

photographic detection, 6.86-6.92 
lon-paira, 4.31, 6 2-6.5 
in electric fields* 6,6-6.9 
energy of formation* 6.4 
and gas amplification, 6.23 
Ions, 2.15-2*17 
acceleration of, 9.36-9.110 
as condensation nuclei, 6.64-0.67 
gateaus, 2.15, 6 2-6.5 


J Ions (cont’d ): 

heavy, see Heavy ions 
See also Ion-pairs 

Iron isotopes, in blood studies, 17.76-17.70, 
17.82 _ 

in chlorosis, 17.105 
production, 17,27 

Islands of isomerism, 10.129, 12.119 
Isobaric isotopes, see Nuclear isomers 
Isobars, 815, 8.17 

and beta activity, 12.50-12.56, 12.91-12.104 
even, 12.96-12.98 

half life and binding energy, 12.99-12.101 
odd, 12.92-12.95 

Isomeric nuclei, see Nuclear isomers 
Isomerism, nuclear, see Nuclear isomers 
Isomorphism, law of, 1.25 
Isotones, 8.17 

Isotopes, applications, 17.63-17.157 
in agriculture, 17.97-17.106 
analytical, 17.120-17,126 
biological, 17.63-17.96 * 

for dating, 17.129-17.143 
in industry, 17.107-17.119 : 

in medicine, 17.84-17.91 
of radiations, 17.144-17.156 
and atomic weights, 1.39, 8.43-8.45, 8.61- 
8.64 j 

availability of, 17.1, 17.9, 17.16-17.31, 17.46 
for biological studies, 17.16-17.3T 
charts, 10.134-10,137 
uses of, 10.136 

chemical identity, 8.1, 8.4, 8.16 
in diagnosis and therapy, 17.86 
differences between, 8.13, 8.74, 8.112 
discovery, 8.1-8.8 
farm, 17.52 

and group displacement law, 8.12 
labeled compounds, 17.44-17.58 
by biosynthesis, 17.52 
labeling with, 17.1-17.6 
and nuclear structure, 8.12-8.17, 10.3 
and positive rays, 8.33-8.39 
radioactive, applications, 17.1-17.156 
artificial, 10.80-10.133 
concentration, 5.29, 13.76, 17.41, 17.42 
detection, 17.60-17.62; see also Ioniza¬ 
tion instruments 
identification, 10.87-10.95 
minimum detectable amounts, 17.32- 
17.41 

production of, 15.66, 17.9 
for biological studies, 17.16-l7.31 
shipments, 17.1 
specific activity, 17.32-17.44 
and stable, choice, 17.11-17.13 
as tracers, advantages, 17.11 
disadvantages, 17.12, 17.13 
reaction rates, 8.72, 8.110 
relative abundances, 8.61-8.63 
separation factor, 8.76, 8.77, 8 . 79 , 8.80, 8.85 
separation methods, 8,76-8.121 
centrifugal, 8.08-8,101 
chemical exchange, 8.112-8.121 
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Isotopes (cont’d ): 

separation methods ( cont’d): 
distillation, 8.105-8.108 
electrolytic, 8.109-8.111 
electromagnetic, 8.90-8.97 
gaseous diffusion, 8.78-8.88 
nozzle, 8.89 

thermal diffusion, 8.102—8.104 
shipments, 17.1 

stability and neutron-proton ratio, 12.37- 
12.41 

stable, 8.18-8.39 
analysis, 17.59 
applications, 17.63-17.75 
availability, 8.95, 17.1, 17.9 
detection, see Mass spectrograph 
table of, 8.48 

as tracers, advantages, 17.14, 17.15 
as tracers, 17.1-17.156 
applications, 17.63-17.112, 17,120-17.126 
choice of, 17.10-17.15 
methods, 17.58-17.62 
production, 17.17-17.31 
and whole number rule, 8.43 
Isotopic dating, 17,129-17.141 
Isotopic dilution analysis, 17.122 
Isotopic exchange reactions, 8.72, 8.73, 8.112- 
8.121 

Isotopic number. 12.83 
Isotopic spin, 18.97 
Isotopic weights, 858-8.62 

determination, S.46—8.65, 9,33—9.3oj sec 
also Mass spectrograph 
deviation from integers, 8.58, 12.2, 12.5 

Kanalstrahlung, 2.61, 2.106; see also Posi¬ 
tive rays 

K-capture, see Orbital electron capture 
Kicksorter, 6.15 

Kinetic energy, see Energy, kinetic 
Kinetic theory of gases, 1.52, 1.58, 1.65, 227 
K-level, electrons, 4.72, 4.73, 7.108-7.110, 

10.122 

K-mesons, see Mesons 
Krypton, neutron emitter, 10.132, 13.45 
K-series, X-rays, 2.92, 4.71-4.74, 7.106-7.110 
Kurie plot, 7.54, 7.56 

Lanthanide contraction, 16.70 
series, 1.48, 16.68; see also Rare-earth ele¬ 
ments 

Lauritaen electroscope, 6.18, 6.19 
Lead isotopes, 8.3, 8.18—8.25, 8.97 

and age of minerals, 17.129—17.132 
relative abundances, 8.63 
Leptons, 18.80 
Leukemia treatment, 19.11 
Light, color of, 3,15 
diffraction of, 3.8-310 
as energy, 3.6, 3.7 
infrared, 3.18, 3.25 
invisible, 3.18, 3.19 
particle theory, 3.7, 3.10, 3.11, 3.35 
and photographic film, 3.18 


Index 

Light (cont’d): 
ultraviolet, 3.19 
velocity of, 2.57, 3.14 
and either concept, 3.54-3.58, 3.66 
visible, 3.16 

wave theory, 3.7-3.12, 3.27, 3.54 
wave lengths, 3.16-3.19 
Linear accelerator, 9.45-9.52, 9.116 
for electrons, 9.50-952, 9.75, 9.85 
for heavy ions, 9116 
energy transfer {LET), 19,27 
Liquid-drop model of nucleus, 12.80-12104 
Lithium, isotopes separation, 8,91 
transformation by protons, 9.21-9.25, 9.28- 
9.31. 

L-level, electrons, 4.72, 7108-7110 
L-series, X-rays, 2.86, 4.71-4.74, 7108-7110, 
10122 

Luminescence, 217 
by radiations, 6.43 
by X-rays, 2.80 

Luminescent substances, see Scintillators 


Magic numbers of protons and neutrons, 
12105-12.122 

significance, 12.116 

Magnetic field, deflection of charged par¬ 
ticles, 2.42, 2.44 t 8.28, 8.52 
of earth and cosmic rays, 1815-18.22 
wandering, of Milky Way, 18.63 
Magnetic-lens spectrometer, 7.46, 7.47 
Magnetic moments, see Nuclear magnetic 
moments 

Magnetic spectrograph, 715, 716, 7.37, 7.44, 
7.98, 7108 

Magneton, defined, 12.65 
Magnetron, 9.52. 

Mass, conservation of, 3.73-3.78 
conversion to energy, 3.79, 3.80 
defect, 12.2, 12.5, 12.6 
and fission, 13.23 
definition, 118 

electromagnetic, 258, 4,20, 11.6 
-energy conversion factors, 3.SS—3.90 
equation, 3.70-3.72, 3.79^-3.84 
relationship in fission, 13.21 
in nuclear reactions, 9.25-935 
and inertia, 258 
Mass number, 815, 8.60, 8,63 
and fission, 13.53-13.55 
determination, 8.46-8.48 
of stable nuclides, 8.47 
Mass spectrograph (or spectrometer), 8.40, 
8.46, 8.50-8.59 
accuracy, 8.57 

atomic weights by, 1.36, 8.41, 8.64 
direction focussing, 851, 8.55, 857 
time of flight, 8.58, 859 
velocity focussing, 8.55-8.57 
See also Positive rays 
Mass spectrum, 8.40 
Matter waves, 3.40 
Mattauch’s rule, 12.52 
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Mechanics, classical, 3.49 
Newtonian, 3.49 

quantum and wave, 3.49-3.51, 3.69 
Medical applications of isotopes, 17.84- 
17.90 

Mendelevium, 1659, 16.60 
Mercury isotopes, 8105, 17127 
production and use, 17127, 17128 
Meson (or mesons), 2124-2129, 18.66-18111 
artificial, 18.72-18.74, 18.77 
in cosmic rays, see Cosmic rays 
discovery, 2124, 2126, 18.68, 18.69, 18.74- 
18.78 

heavy, 18.75-18.80, 18.90-18.99, 18102 
K, 2128, 18.77, 18.90-18.99, 18102 
kappa, 18.91 

light (or L), 2124-2127, 18.66-18.74, 18.80, 
18.85-18.89 
mean life, 18.83 

mu, 2126, 4.80, 4.81, 18.70, 18.72, 18.85- 
18.87, 18.91, 18.97, 18.98 
neutral, 18.74, 18.85, 18.87, 18.90, 18.91, 
18.97, 18.98 

pi, 2.126, 2127, 4.80, 18.70-18.74, 18.85- 
18.89, 18.91, 18.97, 18.98 
pi-mu decay, 2126, 18.70, 18.72, 18.85, 
18.110 

predicted, 2124 
tau, 18.91, 18.106 
theta, 18.91, 18.106 
virtual, 12.28, 12.30, 18.89 
Meson-field theory, 12.22-12.36 
Mesonic (or mesic) atoms, 4.77-4.82, 14114 
X-rays, 4,80 
Mesotron, see Meson 
Metabolism, isotopic study, 17.63-17.75 
Metabolon, 5.20 

Metallurgical applications of isotopes, 17.- 
109-17115 

Metastable state, definition, 10118 
Mev, definition, 3.33 

Michelson-Morley experiment, 3.59-3.61, 
3.66, 3.67 

Microcurie, definition, 17.37 
Microgram, definition, 1613 
Microscope, electron, 3.43, 7.46 
magnification of, 1.67 
optical, smallest visible particle, 3.7 
Millicurie, definition, 17.37 
“Mirror” nuclei, 7.82, 7.83, 12101 
M -level electrons, 4.71^4.74 
Moderator, 11.36, 11.41, 11.42, 14.28, 15.22- 
15.27 

beryllium, 14.28, 15.25 
carbon (graphite), 14.28, 15.26, 15.50, 15.51, 
15.93-15.95 

heavy water, 14.28, 15.24, 1557-15.60, 15.88 
hydrogenous material, 11,47, 15.23 
and multiplication factor, 14,35. 14.36 
organic compounds, 15,27, 15.97 
water, 14.20, 1421, 14.27, 15.23, 15.52- 
15.56, 15.74-15.85 

Molar volume, gaseous, 1.50. 1.57 
Mole, 1.56, 1.57 
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Molecular radii, 1.66 
Molecular weight, 1.32-1.36 
actual, 1.57 
determination, 1.33 
gram, 1.56, 157 
standard of, 1.32 
Molecule, 126-1.30 
and atom, 127 
Avogadro’s, 1.27, 1.29 
Cannizzaro’s, 127 
Dalton’s, 127 
definition, 128 
gram, 1.56, 1.57 
number, 1.63 
size, 1.51-155, 1.66-1.68 
weight, actual, 1.57 
Momentum, definition, 3.40 
Monitoring, see Radiation monitoring 
Monitron, 19.51 

Multiplication factor, 14.30-14.41, 14.44, 

14.46-14.48, 1457, 14.60, 14.61 
effective, definition, T4.34 
infinite medium, definition, 14.34 
Af-series, X-rays. 2.86, 4.71, 4.72, 7.109 
Muons or mu-mesons, see Mesons, mu 
Mutation, 19.82-19.97 
due to radiations, 19.88-19.97 
spontaneous, 19.84 

f 

Negaton, 2.71; see also Electron . 

Negatron, 2.71; see also Electron 
Neon, isotopes separation, 8.35-8.41, 8.78, 
8.103 

signs, 2.14 

Neptunium, and actinide series, 16.54^16.60, 
16.65-16.71 

chemistry, 16.6, 16.7, 16.17-1623 . 
series, 5.62-5.65, 11.49, 16.92, 16.93 
collateral, 16.100, 16.101 
prediction of, 5.62- 
table, 5.63 

Neptunium-237, discovery, 16.9, 16.10 
fission, 13,18, 13.70, 13.71 
in neptunium series, 5.65 
Neptunium-239, in actinium series, 16.99 
discovery, 16.1-165 

Neutrino theory, beta decay, 7.49-7.54, 7.56, 
7.68 

and antineutrino, 7.65-7.71, 18.10& 
and meson decay, 18.85, 18.110 
and orbital-electron capture, 10.105 
spin, 7.52, 7.71, 18.109 

Neutron (or neutrons) capture, radiative, 
10.42, 11.44-11.49 

resonance, 11.92-11.108, 14.35, 14.39- 
14.41 

Breit-Wigner theory, 11.102-11.108 
“cold,” 11.91 

counting, 1126, 1127, 1129, 1131-11.33 
cross sections, 11.67-11.76, 11.92-11.112, 
11.114, 11.118 
measurement, 11.70-11.70 
resonance, 11.97-11.101 
results, 11.92-11.101 
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Neutron (cont’d ): 
cross sections (coni’d ): 
scattering, 11.93, 11.94 
1/v law, 11.96, 11.103 
decay of, 11.7-11.9 

-deficient nuclei, 10.98, 10.99, 10.102, 12.13 
delayed, 10.131-10.133, 13.42-13.45, 14.22, 
14.60 

in fission, 13.42-13.45 
in reactor control, 13.42, 14.60 
density, 14.55 

and reactor power, 14.56, 14.59 
detection, 11.24-11.33 
with boron, 11.26 
by fission, 11.28, 11.31 
photographic emulsion, 11.27 
by recoil, 11.30 
by scintillations, 11.29 
diffraction, 11.10-11.13, 11.84, 11.91 
discovery, 2.117, 2.118 
emission in nuclear reactions, 10.4, 10.12, 
10.22, 10.23, 10.32-10.34, 10.39, 10.40, 
10.44, 10.49, 10.131-10.133, 11.61- 

11.66 

in fission, 13.37-13.45 
fast, 10.43 

and atomic bomb, 14.79, 14.80 
detection, 11.25, 11.30, 11.31 
fission, 13.16-13.18, 13.67-71 
reactions, 11.45, 11.46, 11.50-11.66 
slowing down, 11.34-11.43, 14.20, 14.21; 

see also Moderator 
sources, 11.14-11.23, 11.87-11.89 
flux, 11.76 

and reactor power, 14.56, 14.59 
half life, 11.8, 11,9 
magnetic moment, 12.75 
mass, 11.1-11.6 
moderator, see Moderator 
monoenergetic, 11.78-11.91 
-neutron forces, 12.15-12.18, 12.21, 12,33 
in nucleus, 4.34-4.38, 8.10, 8.11 
prediction, 2.115 

production, 11.14-11.23, 11.87-11.91 
as projectile, 10.10, 10.42-10.44, 11.38, i 

11.45; see also Fission i 

prompt, in reactor, 13.42, 14.22, 14.60 
properties, 2.119, 2.120, 11.1-11.13 
-proton forces, 12.15-12.18, 12.21, 12.32, 
12.33 

ratio, and alpha activity, 16.102 
and beta activity, 12.41 
of fission fragments, 13.11, 13,38, 13.39, 
13.95 

and nuclear stability, 10.96-10.100, 12.- 
37-12,41 

radioactive decay, 11.7-11.9 
radiation hazard, 19.5, 19.26 
monitoring, 19.40-19.42, 19.45 
shielding, 19.56-19.59 

reactions, 11.44-11.66; see also Neutron 
capture, Fission 

and potential barrier, 11.50-11.60 
reflector, 14.45, 14.84, 15.22-15.28 


Index 

Neutron (cant’d ): 
scattering, elastic, 11.34-11.36, 11.72 
inelastic, 10.44, 11.61, 11.62, 11.72 
slow, 10.42, 11.36; see also Neutron, ther¬ 
mal 

detection, 11.25-11.29 
fission, 11.66, 13.1-13.16, 13.18, 13.67- 
13.71 

slowing down, 11.34-11,43; see also Mod- 
6rB i tor 

sources, 11.16-11.23, 11.87-11.91 
“cold,” 11.91 

monoenergetic, 11.19, 11.78-11.91 
spectrometer, 11.85 
spin quantum number, 4.86, 7.52 
thermal, 11.36-11.43 
thevmalization, 11.36 
by water, 14.20, 14.21 
velocity selector, 11.78-11.86 
crystal spectrometer, 11.85 
mechanical, 11.82, 11.83 
time of flight, 11.79 
Newtonian mechanics, 3.49, 3.69 
Nitrogen, isotopic exchange, 8.112-8.114 
tracer, 17.8, 17.58 
in blood, 17.80, 17.81 
in metabolism, 17.68-17.75 
production, 17.19 
transmutation, 9.4^97, 9.10-9.13 
Nobelium, 16.61. 16.62 
Nonleakage probability, 14.34 
Nuclear batteries (or cells), 17.149-17.155 
Nuclear chain reaction, 14.12-14.14, 14.17- 
14.86 

controlled, 14.27-14.32 

critical size, 14.43 

and delayed neutrons, 14.60, 14.61 

fast, 14.21; see also Atomic bomb 

first, 14.53 

moderator in, 14.27, 14.28; see also 
Moderator 

multiplication factor, 14.30-14.41; see 
also Multiplication factor 
and prompt neutrons, 14,61 
in uranium-graphite lattice, 14.34, 14.- 
40-14.48 

See also Reactor 

Nuclear cross sections, 10.73-10.79, 11.67- 
11.112 

absorption (or capture), 11.69 

determination, 10.74, 11.70 

neutron, 11.67-11.112; see also Neutron 

scattering, 11.69 

total, 11.69 

unit, 10.79 

Nuclear densities, 12.16 

Nuclear disintegration, see Nuclear trans¬ 
formations 

Nuclear energy, see Atomic energy 
Nuclear excitation, 10.25, 10.26, 10.37, 10.44, 
10.57, 10.72, 10.118-10.124, 11.61, 11.- 
62 

by alpha particles, 10.41 
by gufiima rays, 10.55 
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Nuclear excitation (cont’d ): 
by deuterons, 10.37 
by electrons, 10.57 
in inelastic scattering, 11.61, 1162 
by neutrons, 10.44, 11,61, 11.62 
by protons, 10.25, 10.26 
Nuclear fission, see Fission 
Nuclear forces, 12.14-12,18, 12,22-12 36 12- 
82-12,86 

attractive, 12.14, 12.34, 12.82 
composition effect, 12.83 
exchange, 12.32-12.36 
and fission, 13.23, 13.24, 13.46-13.57 
meson field theory, 12.22-12.36 
neutron-proton exchange. 12.32-12 36 
repulsive, 12,18, 12.34, 12.39, 12.84 
saturation character, 12.14 
short range, 12,14 
spin effect, 12,86 
surface effect, 12.85 
See also Rinding energy 
Nuclear fuel, 15.11-15,21 
breeding, 1539-15.48 
elements, 15,14 
processing, 15.109-15.112 
regeneration, 15.39-15.48 
resources, 15.114-15.120 
Nuclear isomerism, 10.114-10.130 
islands of, 10.129, 12.119 
isomers, 10.114 
genetically related, 10,120 
independent decay, 10.119 
of stable nuclei, 10123 
Nuclear magnetic moments, 12.65-12 78 
dipole, 12.68-12.77 
quadrupole, 12.78 
table, 12.72 
resonance, 12.70 
Nuclear magneton, 12.65 
Nuclear photoeffect, 10.52-10.55, 11.19-11.21, 
13.17 

Nuclear plates, 6.87, 18.11 
Nuclear power, 14.15, 14.16, 15.3 
economic aspects, 15.114-15.123 
See also Reactors 

Nuclear processes, see Nuclear transfor ma , 
tions 

Nuclear radiations, see Alpha, Beta , Gamma , 
Rays 

Nuclear reaction energies, 9.25-9.32 
and isotopic weights, 9.34 
Nuclear rearrangement, see Nuclear trans¬ 
formations 

Nuclear radii, 4.15-4.21, 7.32, 12.57-12.64 
Nuclear spin, 4.85, 4,86, 12.69, 12 71-12 73 
12.117-12.119 1 

coupling with orbital momentum, 12 .- 
114 

determination, 12,69 
and nuclear transit ions, 7,81 7,82 7 105 
10.125-10,128 ' * 

Nuclear stability, 12.37-12.66, 12,01 12.191 
and neutron-proton ralm, 12,37 12,41 
and odd-even rules, 12,42 12,49 


Nuclear structure, 4,32-4.38, 12.80-12.85 
collective (or unified) model. 12123— 
12.125 

liquid-drop model, 12.80-12.104 
shell (or independent-particle) model 
12.105-12.122 

Nuclear transformations, 9.1-9,24 101-10- 
65, 11.44-11,66 

by alpha particles. 9.4-9,13, 10.38-10,41 
and compound nucleus, 10,5-10.10 
by deuterons, 10.27-10.37 
by electrons. 10.56, 10,57 
and energy levels, 10.71, 10.72 
energies, 9.25-9.32 
by heavy ions, ] 0.48-10.51 
by helium-3, 10.47 

by neutrons, 10,42-10.44, 11,38, 1144- 
11.66 

potentials, 10.66-10.69 
by protons, 9.20-9.24, 9.28-9.31, 1020- 
10.26 

symbols for reactions, 9.16 
threshold energy, 10.66 
by tritons, 10.45, 10.46 
by X-rays, 10.52-10.55 
See also Fission, Spallation 
Nuclear transitions, 4.55, 7.78-7 84 1 7101- 
7.105, 10.119-10.124 f 

allowed and forbidden, 4.55, 7.78, 7 79 
7.81-7.84, 7.105, 10.125 
electric, 10.126, 10.127 
magnetic, 10.126, 10,127 
Nucleon, 4,36 

angular momentum, 4.85, 4.86, 7.52 
exclusion principle, 12.111 
forces, see Nuclear forces 
and group displacement law. 8.10, 8.11 
spin, 4.S5, 4.86, 7.52 
Nucleonics, definition, 4,35 
Nucleus (or nuclei), 4.10-441 
al p ha-p ar tic 1 e sea 11 eri n g. 4, 7-4,13 
binding energy, see Binding energy 
charge, 4.22-4.31 
and atomic number, 8.9-8.11 
compound, 9.11 
average life, 10.11 

and cloudy crystal ball model, 11113- 
11.120 

emission of particles, 1011-10.15, 1341 
energy levels, 1070, 1072 
and fission, 13.51, 13.52 
formation, 10.5-10. [Q 
modified theory, 11113-11.120 
dimensions, see Nucleus, radius 
ami election, 4,33, 4.86 
energy levels, 4.83, 4.84, 7.39, 7.101-7.103, 
1070-1072, 11107 

cvcn-odd character, 12.42-12.49, 12.91-12*- 
104 

and fission, 13,03-13,71 ' 
and gamma rays. 7,100-7.103 
and group displacement law, 8.9-8.11 
maiimiMlfllricnt. 10.08, J0.90, 10.102, 12.13 
tmm, 414 
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Nucleus ( cont’d ): . 

magnetic properties, 12.65-12.79 
properties, 4.83-4.86 
and radioactivity, 8.17 
radius, 4.15— 1 4^21, 7.32, 12.57—12.64 
shielded, 12.98, 13.94 
spin quantum number, see Nuclear spin 
structure, see Nuclear structure 
transitions, see Nuclear transitions 
Nuclide, definition, 8.49 
isotopic weights of, 8.60 
shielded, 12.98, 13.94 
stable, number of, 10.97 
“mirror/* 7.82, 7.83, 12.101 j 

Nuclon, 4.35 

Oppenheimer-Phillips mechanism, 10.28, 10.- 
29 

Optical model of nucleus, 11.116 
Orbital-electron capture, 10.105-10.109 
Oxygen isotopes, 8.61 
enriched, 8.111 

production, 17.19 __ 1 - 1 . Q 

and temperature of ocean, 1 1 .142, 17.145 
as tracers, 17-6, 17,96, 17.142, 1< .143 
standard, atomic weight, 1.24, 1,32, 8.61 
and mass spectrum, 8,59, 860 

Packing effect, 12.2 
Packing fraction, 12.1-12.5 
curve, 12.2, 14.6, 14.9 
definition, 12.2 
and mass defect, 12.2 
and atomic energy, 14.6 
Parasitic capture, 1431, 14.35 
Parity principle, 18.103-18.105 
overthrow, 18,106^18.111 
Particle accelerators, 936-9.116 
betatron, 9.75-9.86 
cyclotron, 9.53-9.65 a n 

electrostatic generator (Van de Uraan), 
9.39-9.44 

linear accelerator, 9.45—9.52, 9.113—9.116 
synchrocyclotron, 9.66—9.74 
synchrotron, alternating gradient, 9.105— 
9.112 

proton, 9.96-9.104 

voltage multiplier (Cockcroft-Walton), 
9.36-9.38 

Pauli exclusion principle, 4.62^4.67, 4.70 
for nucleons, 12.111 
Periodic law, 1.41 
Periodic system, 1.40-1.49 

and group displacement law, 84-8.8 
groups, 1.46 

and orbital electrons, 4.68-4.70 
and radioelements, 8.1-8.8 
Perpetual motion, 3.74 
Phase stability, 9.71, 9.91 
Phasotron, 9.72 
Phosphor, see Scintillator 
Phosphorescence, 2.92 

Phosphorus, isotopes, in agriculture, 17.97- 
17.103 

in blood, 17.83 


Index 

Phosphorus, isotopes {cant d) : 
in diagnosis, 17.88 
in leaves, 17.62 
production, 17.21 
specific activity, 17.38, 17.40 
in therapy, 17.89 
as tracers, 17.5, 17.64 

Photodisintegration, 10.52-10.55, 11.19-11.21, 
13.17 

Photoelectric effect, 2.48, 2.89, 6.45 

and gamma rays, 7.86-7.89, 7.98, 7.99 
Photofission, 13.17 
Photomultiplier tube, 6.45 
Photon, 3.34-3.37 

Photoneutron sources, 11.19-11.21, 11.87 
PhotonUclear reaction, see Photodisintegra- 
tion 

Photosynthesis, and isotopes, 17.6, 17.92- 
17.96 

Phototransmutation, see Photodisintegra¬ 
tion 

Piezoelectricity, 5.2, 5.3 
Pile, 14.52; see also Reactor 
Pinch effect, 14.109 
Pions (or pi-mesons), see Mesons, pi 
Planck’s constant, 3.30 
quantum theory, 3.27-3.32 
PS ants, isotopic study, 17.92-17.106 
Plasma, electrical, 14.94 
Plutonium, 11.49, 14.23, 14.26, 14.63-14.77, 
16.24-16.39 

and actinide series, 16.65-16.71 
carrier free, 16.31, 16.39 
chemistry, 16.28, 16.30, 16.34^16,39 
discovery, 16 24 
isotopes, 16.24. 16.26, J6.27 
separation, 14.71, 14.75, 15.110, 16,^5, 16.- 
28-1633 

Plutonium-239, and actinium .series, 16.99 
and atomic bomb, 14.79, H.80, 16.1 
breeding, 15.39-15.47 
fission, 13.18, 13.55, 13.69, 14.63, 16.26 
critical energy, 13.69 
in nature, 16.26 

odd-even character, 13.71, 14.63 
reactor fuel, 15.7, 15.11, 15.61, 15.107, 15.- 
108 

Poles, electric, 2.11 
Polonium, discovery, 5.5, 5.6 
isotopes, 8,6. 8.7, 8.14 
Ponderator, 9,69, 9.92 
Positive rays, 2.61-2.64, 2.106 
analysis, 8.26-8.32 
and isotopes, 8.33-8.39 
Positive electron, see Positron 
Positon, see Positron 
Positron, 2,65-2.79 

in cosmic rays, 18.34,18.35,18.57,18.61 
destruction, 2,76-2.79, 3.84-3.92 
discovery, 2.67 . 

emission in radioactive decay, 7.oo, /.oo, 
10.81-10.83, 10.98, 10.100, 10.101, 10.- 
110-10.113 

formation/^.72-2.7 5 


Subject Index 


Positron ( cont’d ): 
life, 2.76 
mass, 2.69, 2.80 
specific charge, 2/73 

Positron-electron pair, 2.71, 2.74, 2.75, 2.77- 
2.79 

annihilation, 2.77, 3.84-3.92 
in cosmic rays, see Cosmic rays 
formation, 2.71, 3.85 
by gamma rays, 7.88, 7.89, 7.99 
Positronium, 3.86-3.92 
Potassium isotopes, production, 17.24 
Potential difference, 2.9 
electrical, 2.7 

Potential energy barrier, 7.26-7.31, 9.19, 
10.8-10.10, 10.35, 11.50-11.60, 11.65, 
12.11 

fission, 13.10, 13.58-13.62 
fusion, 14.93 
curve, 7.26 

Projectile, definition, 10.5 
Promethium, 12.104, 16.8l-16.87 
identification, 16.83 
isotopes, 16.85 
separation, 16.83 
Proportional counters, 6.22-6.25 
advantages, 6.25 
for alpha particles, 6.25 
gas amplification, 6.23 
for neutrons, 11.26 
Protactinium-231, and fission, 13.69 
Protactinium-233, and neptunium series, 
16.92 

Protactinium series, 16.94 
Protium, 8.72 

Proton, 2.61-2.64, 2.66, 4,30 
acceleration, 9.36-9.38, 9.43, 9.45-9.50, 9.53, 
9.60, 9.62, 9.73, 9.96-9.112 
emission in nuclear reactions, 9.5, 9.8, 9.12, 
9.13, 10.25, 10.27-10.29, 10.31, 10.38- 
10.40, 10.43, 10.46, 10.49, 10.54, 10.70, 
10.71 

energy in nuclear reactions, 10.8, 10.9, 

10.12 

fission, 13.17 
fusion, 14.96-14.100 
mass, 2.64 
named, 2.64 

negative, see Antiproton 
-neutron forces, see Neutron 
in nucleus, 4.32-4.38, 8.10, 8.11 
as projectile, 9.20-9.25, 9.28-9.31, 10.20- 
10.26, 11.18, 11.88 
-proton chain, 14.96 

-proton forces, 12.14-12.21, 12.30, 12.33, 
12.39, 12.84 

spin quantum number, 4.85, 4.80, 7.52 
and stellar energy, 14.96-14.101 
synchrotron, 9.96-9,112 
Protyle, 1.9, 1.38, 2.64, 4.38 
Prout's hypothesis, 1.38, 1.31), 4.38, 8,43 
Pulse analyzer, 6.15 

“Q M of nuclear reaction, l),25 
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Quadrupole moments, 12.78, 12.79, 12.121, 

12.122 

Quantum, energy, 3.29 
mechanics, 3.49-3.51 • 
numbers, 4.51-4.55, 12.116; see also Elec¬ 
tron, orbital 

theory, 3.29-3.32, 3.34, 3.38 

“Rabbit,” 13.44 
Rad, definition, 19.23 
Radiation, annihilation, 2.77, 3.84, 3.85 
damage, 15.18 

dosage, acute, 19.10, 19.12-19.15 
chronic, 19.10, 19.11 
permissible, 19.28-19.37 
electromagnetic, 3.20-3.26 
genetic effects, 19.88-19.97 
hazards, 19.5-19.19 
cause of, 19.7-19.9 
internal, 19.16-19.19 

measurement, see Counting instruments 
monitoring, of air, 19.50, 19.62 
of areas, 19,48, 19.49 
for internal hazard, 19.44 
of personnel, 19.38-19.47 
instruments, 19.39, 19.40, 19.42, 19.43, 
19.46, 19.47 

of processes, 19.51 , 

of soil, 19.50 
of water, 19.50, 19.64 
mutations, see Mutation 
particle concept, 3.7, 3.35, 3.52, 3.53 
photon, 3.34-3.37 
protection, 19.52-19.81 
in laboratories, 19.69-19.81 
by shielding, 19.52-19.58 
of waste disposal, 19.60-19.68 
quantum theory, 3.29-3.32, 3.35, 3.39 
and electron transition, 4.45, 4.46, 4.48 
radioactive, 2.102-2.114; see also Alpha, 
Beta, Gamma rays 
shielding, 7.95, 19,52-19.59 
sickness, 19.11-19.14 

units, 19.20-19.27; see also Roentgen, Rad, 
Rem, Rep 

uses, 17.113-17.119, 17.144-17.155 
wave-particle duality, 3.38-3.45, 8.52, 3.53 
wave theory, 3.8-3.11, 3.34 
Radiative capture reactions, 10.14, 10.21, 
10.37, 10.42, 11.44-11.49 
Radioactive constants, 5.32-5.55 
decay, 5.33-5.45, 5.50-5.55, 7.22-7.24, 7.49- 
7.56, 7.78-7.84 

half life, 5.46-5.55, 5.58-5.64, 7.23 
comparative, 7.80 
mean life, 5.38-5.41 

Radioactive disintegration, and periodic ta¬ 
ble, 8.4-8.8 
rate of, 5.32-5.55 
Meries, see Radioactive series 
theory, 5,20-5.28, 8.20, 8.24 
Radioactive elements, artificial, see Radio¬ 
nuclides, artificial 
natural, 5.1-5.81 
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Radioactive elements ( cont’d ): 
natural ( cont’d ): 

branched disintegration, 5.60, 5.64 
decay rates, 5.32-5.55 
identification, 5.29-5.31 
separation, 5,29-5,31 
Radioactive emanation, 5.18, 5.19, 5.31 
Radioactive equilibrium, 5.42-5,45, 5.48 
Radioactive radiations, 2.102-2,114; see also 
Alpha, Beta, Gamma rays 
Radioactive series, 5.43-5.45, 5.49, 5.56-5.65, 
8.5, 8.6 

branched, 5.60, 5.64 
collateral, 5.61, 16.94-16.101 
end products, 8.18-8.25 
new, 5.62-5.64, 16.92-16.101 
tables, 5.80 

See also Actinium, Neptunium, Tho¬ 
rium, Uranium series 

Radioactive tracers, 17.17; see also Isotopes, 
tracers 

Radioactive waste disposal, 15,113, 19.60- 
19.68, 19.81 

Radioactivity, artificial, see Radionuclides, 
artificial 

discovery, 2.98-2.101, 5.1-5.19 
measurement, 6.1-6.92 
by Cerenkov counter, 6.56-6.59 
by crystal counter, 6.60, 6.61 
by ionization, 6.1-41.41 
photographic emulsion, 6.86-6.92 
by scintillation, 6.42-6.55 
natural, see Radioactive elements, na¬ 
tural 

Radioautography, 6.86, 17.61, 17.62 
Radiocarbon dating, 17.134-17.139 
Radiochemical asepsis, 19.71 
Radiochemical laboratories, 19,69-19.81 
“hot,” 19.78 

levels of activity, 19.69, 19.70 
remote control in, 19.77, 19.78 
“semi-hot,” 19.73 

Radioelements, see Radioactive elements, 
Radionuclides 
Radiography, 17.114, 17.115 
Radioisotopes, see Isotopes, radioactive 
Radionuclides, 8.49 
artificial, 10.80-10.133 
beta active, 10.81-10.86, 10.96-10.101 
branched disintegration, 10.100 
discovery, 10.80-10.86 
from fission, see Fission products 
identification, 10.87-10.96, 13.76-13.89 
isomeric, 10.114-10.130 
mass determination, 10.92 
“mirror,” 7.82, 7.83, 12.101 
neutron emission, 10.131-10.133 
-proton ratio, 10.97-10.101, 12.41, 12.94, 
12.95, 12.98 
number, 10.86 

orbital electron capture, 10.105-10.109 
production in reactors, 15.66, 17.9 
See also Isotopes, radioactive 
Radiowaves, 3.20, 3.24, 3.25 


Index 

Radium, discovery, 5.7 
emanation, 5.18, 5.24 
half life, 5.48 
isolation, 5.7-5.9 
-uranium equilibrium, 5.44, 5.45 
Rare-earth elements, separation, 13.77-13.83 
series, 1.48, 8.44 

parallelism with actinides, 16.65, 16.68- 
16.70 

Reactor (or reactors), 11.36, 11.42, 11.43, 
14.48-14.62, 15.1-15.123 
air-cooled, 15.51 
atomic bomb as, 14.78 
boiling water, 15.82-15.85 
breeder, 15.101-15.108 
British (Calder Hall), 15.64, 15.95 
control, 14.57-14,62, 15.3, 15.105 
coolant, 15.29-15.34 
critical size, 14.43-14.47 
dual purpose, 15.64 
explosion possibility, 14.58 
fast, 15.7-15.9, 15.28, 15.61, 15.101- 

15.108 

first, 14.48-14.54 
fuel, see Nuclear fuel 
gas-cooled, 15.98 

graphite moderated, 15.50, 15.51, 15.93- 
15.95 

heat removal, 15.35-15.38 
heavy water moderated, 15.57-15.60, 
15.88 

heterogeneous, 14.40, 14.41 
homogeneous, 14.40, 15.21, 15.86-15.92 
intermediate, 15.10, 15.100 
liquid metal fuel, 15.92, 15.108 
materials testing, 15.55, 15.56 
moderator, see Moderator 
multiplication factor, see Multiplication 
factor 

organic moderated, 15.97 
plutonium production, 14.63-14.77, 15.62- 
15.66 

poisoning, 15.20, 15.69 
for power, 15.67-15.108 
power calculation, 14.55, 14.56 
pressurized water, 15.74-15.81 
for radioisotope production, 15.66 
reflector, 15.22-15.28 
for research, 15.49-15.61 
Russian, power, 15.96 
shielding, 19.55-19.59 

sodium-cooled, 15.93, 15.100, 15.103, 15.- 
105, 15.106 

submarine, 15.75, 15.100 
swimming pool ^ype, 15.54 
tank type, 15.55, 15.56 
thermal, 15.5, 15.6 
types, 15.49, 15.72 
waste disposal, 15.113 
water boiler, 15.52, 15,53 
water-cooled, 15.52-15,56. 15.74—15.85 
-moderated, 15.52rl5£6. 15.74^16.85 
Recoil nucleus, 5.30, 9.10, 9.12 
in neutron counting, 11,30 
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Relativistic mass, 3,63, 3.70 

and particle acceleration, 9.50, 9 68 9 69 
9.72,9.84 ' ’ 

Relative biological effectiveness (RBE) 

19.25-19.27 

Relativity, theory of, 3.65-3.69 
Rem, definition, 19.24, 19.25 
Remote control, 14.71, 14.75, 19.77 
Rep, definition, 19.21 

Reproduction factor, see Multiplication fac¬ 
tor 

Resonance cross section, 11.97-11.101, 11 103- 

11.108 

Resonance escape probability, 14.35, 14 38 
14.41 

Resonance, wave mechanical, 10.70 
Resonant, cavity, 9.88 
Rest mass, 3.03, 3.70 
of electron, 2.57 
Roentgen unit, 19.20 
equivalent man (rem), 19.24 
physical (rep), 19.21 
Ront.gen rays, see X-rays 
Rossi curve, 18,41, 18.42 
Rutherford unit, 17.37 

Sargent curves, 7.78 
Saturation activity, 13.89 
Scaler, 6.16 

Scattering, elastic, 10.26, 11.34, 11.35 

of neutrons, 1134-1156, 11.72; see also 
Neutrons, slowing down 
inelastic, 10.26, 10.41, 10.44, 11.61 
and energy levels, 10.72 
and isomer formation, 10.124 
of neutrons, 10.44, 11.61, 11.62, 11.72 
Scintillations, 6.43, 9.4, 9.5, 9.21 
counter, 6.42-6.55 
for neutrons, 11.29 
Scintillators, 6.48, 6.50, 6.51 
Shell model of nucleus, 12.105-12.122 
Shielded nuclei (or nuclides), 12.98, 13.94 
Shielding, radiation, 7.95, 19.52-19.59 
Smyth Report, 8.83, 8.88, 8.93, 8.101 8 104 
13.37, 14.21, 14.43, 14.49, 14.50, 14.53’ 
14.77, 14.81, 14.82, 14.84, 16.32 
Sodium isotopes, production, 17.20 
. uses, 17.60, 17.84, 17.85 
Soil, isotope study, 17.97-17.106 
Spallation, 10.62-10.65, 10403, 11 65 13 57 
Specific activity, 17,32-17.41 
definition. !736 T 17.37 
Specific charge, 2,42 

of alpha particle, 2.I06-2.1GS 
of cathode-ray particle, 2,42-2.47 
of electron, 2,54, 2,55 
Specific ionization, 6.3 
Spectra, alpha-particle, 7.31-7.41 
atomic, 2.54, 4.42-4.70, 8.47, 8.68 
Bohr theory, 4.45-4.50 
and quantum numbers, 4.51-4.55 
beta-particle, 7.42-7,46 
line, secondary electrons, 7.107, 10.120, 


Spectra (cont’d): 

mass, 8.40; see also Mass spectrograph 
optical, see Spectra, atomic 
radiofrequency, 12.67 
X-ray, 4.71-4,76 

Spectrograph, magnetic, 7.15, 7.16 7 37 7 44 
7.98, 7.108 ’ * ’ 

mass, see Mass spectrograph 
Spectrometer, crystal, 11.85 
magnetic lens, 7.46, 7.47 
pair, 7.99 

scintillation, 7.100 

Spin, see Electron spin. Nuclear spin 
Spinthariscope, 6.43 

“Stars ” in photographic emulsions, 2.85, HU 
51, 18.51, 18.89, 18.93 
Stefan-Boltzmann law, 3,27 
Stellar energy, 14.96-14.100 

carbon cycle, 14.96, 14.97, 14.100 
early theories, 14.89-14.91 
proton-proton chain, 14.96, 14.99, 14.100 
and thermonuclear reactions, 14.92^- 
14.101 

Stokers law, 2.36 
Stopping power, 7.8-7.13 

and equivalent thickness, 7.10-7.13 
relative, 7.9 

Straggling, alpha particles, 7,5, 7,6 { 

Strangeness number, 18,96-18.99 
“Strange” particles, 18.66-18.11!; see also 
Hyperons, Mesons 
Stripping, deuteron, 11.22 
Strong focussing, 9.108 
Sulfur, isotopes production, 17,22 
as tracer, 17.11! 

Sun’s energy, see Stellar energy 
Symbols, elements, 1.16, 1.17, 1.37 
molecules, 1.17 
nuclear transformations, 9.16 
Synchrocyclotron, 9.66-9.74 
Synchrotron, 9.71 
alternating gradient, 9.105-9.112 
electron, 9.87-9.95 
nonferromagnetic, 9.88, 9.100 
proton, 9.96-9.112 
Szilard-Chalmers separation, 17.42 


Tamper, atomic bomb, 14.84 
Target nucleus, definition, 10.5 
Technetium, 12.102, 13.93, 16.75-16.80 
isotopes, 1677-16.79 
in nature, 16.77 
properties, 16.80 
Theory, definition, 1.7 
Thermal column, 15.50 
Thermal energy, 1136 
Thermal neutrons, 1136-11,43 
Thermalization, neutrons, 1136, 14.20, 14,21; 
soe ufio Moderator 

Thermal utilization factor, 14.30. 14.38, 14.- 
41 

Thermal radiation, atomio bomb, 14,86 
Thermionio affect, 9.48, 3.60, 2.61 
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Thermonuclear reactions, 14.92-14.112; see 
also Fusion 

Thickness density, 7.10-7.13, 7.72-7.77. 7.93 
definition, 7.10 

equivalent, 7.10-7.13, 7.72, 7.73 
and range, 7.10, 7.77 
half-value, for gamma rays, 7.93-7.96 
Thorium, and actinide series, 16.65-16.71 
emanation, 5.18, 5.24 
natural sources, 15.114, 15.117 
radioactivity, discovery, 5.4 
series, 5.49, 5.56-5.61 
collateral, 16.97 
end product, 8.20-8.25 
table, 5.58 

Thorium-232, as fertile material, 15.12, 15.13, 
15.45, 15.46 
fission, 13.70 

Thorium-C, alpha-particle spectrum, 7.39 
gamma rays, 7.101-7.104 
Thorium-X, 5.15-5.17 
Thulium-170, for gamma rays, 17.115 
Tissues, radioresistant, 19.15 
radiosensitive, 19.15 
Townsend avalanche, 6.22 
Tracer analysis, 17.120 
element, 17.2 
technique, 17.12, 17.13 

Transitions, see Electronic, Nuclear transi¬ 
tions 

Transmutation of elements, 15.1-15.60; see 
also Nuclear transformations 
of nitrogen, 9.4^9.7, 9,10-9.13 
Transuranium elements, 16.1-16.71 

false, 13.2, 13.3, 13.8, 13.11, 16.3, 16.6 
Trilinear chart of nuclear species, 10.137 
Triple isomerism, 10.115 
Tritium, 10.13, 10.31, 10.33, 10.36, 10.45 1 

dating with, 17.140, 17.141 
production, 11.58 
radioactivity, 12.54 
in thermonuclear reactions, 14.102 
as tracer, 17.17, 17.56, 17.96 
Triton, 10.13, 10.31, 10.36, 10.46 
emission in nuclear reactions, 10.36, 11.55, 
11.56, 11.58 

and neutron-proton forces, 12.15, 12.16 
as projectile, 10.45, 10.46 

Ultramicrobalance, 16.16 
Ultramicrochemistry, 16.2, 16.12 
Ultraviolet rays, 3.19 

Uncertainty principle, 3.46-3.49, 4.56, 11.104, 
11.109, 11.111 

Unified model of nucleus, 12.123-12.125 — 

Uranium, and actinide series, 16.65-16.71 
fission, 13.2, 13.4, 13.5, 13.10; see also 
Uranium-233, -235, -238 
spontaneous, 13.19, 13.46, 13.62 
and reactor, 14.52, 14.59 
half life, 5.48 

isotopes, separation, centrifugal, 8.100, 8.- 

101 

electromagnetic, 8.92-8.95 


Index 

Uranium ( cant’d ): 
isotopes, separation (cant’d): 
gaseous diffusion, 8.84-8.88 
thermal diffusion/’8.104 
natural sources, 15.114-15.116 
purification, 14.49, 14.50 
radioactivity, discovery, 2.98-2.101 
radium precursor, 5.44 
series, 5.49, 5.56-5.61 
collateral, 16.95, 16.96 
end product, 8.20-8.25 
table, 5.58 

Uranium-233, discovery, 16.92 
even-odd character, 13.71 
fission, 13.18, 13.69 
critical energy, 13.56, 13.69 
half life, 16.92 

in neptunium series, 5.63, 16.92 
as nuclear fuel, 15.12 
production, 15.12, 16.92 
Uranium-235, even-odd character, 13.64-13.- 
66,13.71 

fission, critical energy, 13.56, 13.68 
fast-neutron, 13.16, 14.22 
and atomic bomb, 14.79, 14.80 
slow-neutron, 13.16, 14.22 
products, 13.31-13.34 
as nuclear fuel, 15.11, 15.39, 15.40 
production, see Uranium isotopes separa- 
tion 

Uranium-238, even-even character, 13.64r- 

13.66, 13.72 

fertile material, 11.49, 14.23, 14.26, 14.63- 

14.67, 15.13, 15.40 
fission, 13.16, 14.22 

critical energy, 13.63, 13.67 
Uranium-X, 5.12-5.17, 5.21-5.23 

Vacuum, number of molecules in, 1.61 
Valence, definition, 1.25 
of ions in solution, 2.29 
force between atoms, 12.14 
Van de Graaff accelerator, 9.29-9.44, 9.75 
Velocity selectors, see Neutron velocity se¬ 
lector 

V-events (or particles), 18.75-18.78, 18.80 
Voltage, 2.8 

Voltage multiplier (Cockcroft-Walton), 9.- 
36-9.38, 9.75 

Waste, radioactive, disposal, 15.113, 19.60- 
19.68 

Water, as moderator, see Moderator 
Watt, definition, 14.15 
Wave length, definition, 3.13 
Wave mechanics, 3.48-3.50, 3.68 
Wave motion, longitudinal, 3.12 
nature of, 3.12, 3.13 
transverse, 3.12 
Wave number, definition, 3.13 
Wave-particle duality of matter, 3.38-3.45, 
11.10, 11.109, 11.110 
Weight, definition, 1.18 
Whole number rule, 8.43, 8.45 


Sub ject 

Wlfft'Ndnw. 3.38 
Work mid energy, 3.1, 3.4 

Xenon, delayed neutron emitler, 13.45 
X-ray* nlmrantorisl ic, 2.91, 2.92, 2.97, 4.24, 
4.71-4.70, 7.106 7.111, 10.107, io .120 
10.123 

nnd atomic number, 4.124 
K, L , A/, series, 2.92, 4.71-4.76 
Compton effect, 3.36 

continuous, 4.75; see also Breinsstrahlung 

diffraction, 2.93 2.97 

discovery, 2.86 

hazard, 19.5, 19.11, 19.20 

ionization, 2.89, 3.34, 6.5, 6.66 
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X-rays ( cont’d ) : 
mesonic, 4.80 
nature of, 2.90 

and orbital-electron capture, 10.107 10- 
108 

properties, 2.86-2.89 
shielding, 7.95 
wave length, 2.91 
See also Bremsstrahhmg 


Zeolites, 13.79 

Zinc, isotope production, 17.30 
nuclear transformations, 10.17-1019 10- 
136 ’ ‘ 













